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MEASURED LIFETIMES OF ELECTRONIC, VIBRATIONAL AND 
ROTATIONAL LEVELS OF THE NITROGEN MOLECULE
CHAPTER I 
INTRODUCTION
Due to  the  a tm ospheric  co n ten t o f  the  e a r th ,  the  n i t ro g e n  molecule 
p lays  an im portan t r o le  in  e l e c t r o n  and photon energy t r a n s p o r t  in  our 
environment. To d e sc r ib e  th e  mechanism of photon energy t r a n s p o r t ,  th e  
o s c i l l a t o r  s t r e n g th s  and t r a n s i t i o n  p r o b a b i l i t i e s  must be  known. The 
o s c i l l a t o r  s t r e n g th s  and t r a n s i t i o n  p r o b a b i l i t i e s  a re  de term inab le  from 
the  l i f e t im e s  o f  the  corresponding  le v e ls  i f  th e  r e l a t i v e  i n t e n s i t i e s  
of th e  em itted  r a d ia t io n  a re  known a ls o .  Due to  t h i s  importance and 
due to  c o n s id e rab le  confusion  in  p rev ious measurements, th e  experim ental 
i n v e s t ig a t i o n  h e re in  to  be d e sc r ib e d  o f th e  l i f e t im e s  o f  th e  n i t ro g en  
molecule was undertaken .
Previous Work
3
The B n s t a t e  o f  n i t ro g e n  decays by spontaneous em ission  to  the  
3 + ®
A s t a t e .  This produces th e  r e l a t i v e l y  s t ro n g ,  n e a r  in f r a r e d  f i r s t  
p o s i t iv e  band system. The spontaneous em ission l i f e t im e  measurement o f  
t h i s  s t a t e  i s  d i f f i c u l t  due to  competing c o l l i s i o n a l  depopu la t ion  because 
o f  th e  r e l a t i v e l y  long l i f e t im e .  Jeunehomme^^^ measured th e  p re s su re  
dependent l i f e t im e s  o f  th e  v ib r a t i o n a l  le v e ls  v '=0  through v ’=10 and 
ob ta ined  va lues  which ranged from 8.0 to  4 .4  m icroseconds, r e s p e c t iv e ly ,
1
( 2 )a f t e r  e x t r a p o la t io n  t o  zero p re s su re .  Brenner examined the  r o t a t i o n a l
eq u i l ib r iu m  time in  th e  n i t ro g e n  a f te rg lo w  and claimed t h a t  the  l i f e t im e
3 f3")
o f  the  B n s t a t e  i s  g r e a te r  than 2 .4  microseconds. Wuster^ measured 
g
the  ab so rp t io n  o s c i l l a t o r  s t r e n g th  o f  th e  zero -ze ro  v ib r a t i o n a l  t r a n s i ­
t io n  in  a shock h ea ted  n i t ro g en  gas. The value he ob ta ined  f o r  the  os­
c i l l a t o r  s t r e n g th  was 0.0028.
The e l e c t r o n i c  s t a t e  o f  the  m olecu lar  ion (Ng*), which has rece ived
2 +
the  most a t t e n t io n  in  d i r e c t  l i f e t im e  measurements, i s  th e  B . This 
le v e l  decays by spontaneous em ission to  the  A l e v e l .  The r e s u l t in g  
s p e c t r a l  bands are  r e f e r r e d  to  as the  f i r s t  n eg a tiv e  system s. Bennett 
and Dalby(^) were th e  f i r s t  to  measure d i r e c t l y  the  l i f e t im e  o f  th e  v '=0
2 + o
v ib r a t io n a l  le v e l  of th e  B s t a t e  v ia  the  3914 A band to  be 65 .8  nano­
seconds. Fink and Welge^^^ used a phase s h i f t  techn ique  and ob ta ined  a 
value o f  45 nanoseconds fo r  the  v '=0  l e v e l .  Sebacher^^^ used a lOKeV
pulsed  e le c t r o n  gun and measured the  l i f e t im e  o f  v '=0 t c  be 65 nano-
f 71seconds. Fowler and H o lzber le in  viewed the  r a d ia t io n  decay d i r e c t l y
2 +
and o b ta in ed  a value o f  about 70 nanoseconds fo r  th e  B E^ s t a t e /  
f 81Jeunehomme^ '  observed the  r a d ia t io n  decay fo llow ing  a te rm in a ted ,  ra d io
frequency d isch a rg e .  By apply ing  a g a te  to  the  p h o to m u l t ip l ie r ,  he was
able to  sample the  r a d ia t io n  decay and accumulate a decay curve. The
l i f e t im e  Jeunehomme re p o r te d  f o r  th e  s t a t e  was 71.5 nanoseconds. Hesser
f91and D re s s ie r  ob ta ined  a value o f  59 nanoseconds w ith a phase s h i f t  
te c h n iq u e .
3
The C s t a t e  o f  n i t ro g e n  has been examined by a number o f  inves-
3
t i g a t o r s .  This s t a t e  decays spontaneously  to  th e  B s t a t e  t o  produce 
the  second p o s i t i v e  band system. In  a l l  p rev ious measurements, p e c u l i a r
3and p re v io u s ly  in e x p l ic ab le  p re s su re  and e le c t ro n  energy dependences 
have been rep o r te d .  Bennett and Dalby^^^ d id  the  o r ig in a l  work on th i s  
s t a t e  a l s o .  They found the  l i f e t im e  to  be e le c t ro n  energy dependent. 
A r b i t r a r i l y ,  they analyzed t h e i r  d a ta  to  y ie ld  a l i f e t im e  o f  44.5 nano­
seconds. Fink and Welge^^^ e x tra p o la te d  to  th e  energy o f e x c i t a t i o n
o n se t to  ob ta in  27 microseconds as the  l i f e t im e  o f  the  v '=0 le v e l .
J e u n e h o m m e e x t r a p o l a t e d  h is  p re s su re  dependent values to  give 49 
nanoseconds. He a r b i t r a r i l y  d is regarded  the  low p re s su re  measurements. 
N ichols and Wilson^^^^ measured the  l i f e t im e  o f the  v '=0 and v '= l  
le v e l s  o f  the  s t a t e  with a delayed co incidence photon counting  
te chn ique . A pulsed p ro ton  beam was used as the  e x c i t a t io n  sou rce .
They e x tra p o la te d  to  zero p re s su re  from a r e l a t i v e l y  high p re s s u re  
reg ion  (SO - 400 Torr) to  o b ta in  l i f e t im e s  o f  45.4 and 31.2 nanosec­
onds f o r  the  v'=0 and v '= l  l e v e l s ,  r e s p e c t iv e ly .
A com pila tion  and comparison of the  above mentioned th re e  s t a t e s  
o f  n i t ro g e n  i s  p resen ted  in  a t a b u la r  form in  Chapter IV o f t h i s  
r e p o r t .
This Work
The l i f e t im e s  o f  the  and C^ H s t a t e s  o f  N„ and o f  th e  B^Z ^g u 2 u
s t a t e  o f  N^^ were in v e s t ig a te d  in  an a ttem pt to  c l a r i f y  the  ambigu­
i t i e s  and in accu rac ie s  which prev ious measurements have dem onstrated . 
The p e c u l i a r  e le c t ro n  energy and p re s su re  dependences o f  th e  C^n^ and 
B^z^* s t a t e s  were a lso  in v e s t ig a te d  and th e  r e s u l t s  h e re in  r e p o r te d .
A p o s s ib le  exp lana tion  f o r  the  prev ious am bigu ities  w i l l  be p re se n te d .
A band o f a dia tom ic molecule produced by a v ib r a t io n a l  t r a n s i -
4t io n  i s  th e  r e s u l t  o f  many r o t a t i o n a l  t r a n s i t i o n s .  The l i f e t im e s  o f  
the in d iv id u a l  r o t a t i o n a l  le v e l s  o f  th e  (v ’=0) were measured
to  t e s t  the common assumption th a t  the  l i f e t im e s  a re  a l l  the  same.
The r e s u l t s  o f  these  measurements w i l l  be g iven.
The r o t a t i o n a l  tem peratu re  o f  the  B^E^^Cv'=0) o f  was a lso  
measured. The r e s u l t s  o f  these  measurements w i l l  be  p resen ted  and a 
comparison w i l l  be made to  th e  measured tem pera tu re  o f  the  containment 
v e s s e l .
The B irge-H opfie ld  band system is  produced by a t r a n s i t i o n  from 
the  to  s t a t e s  o f  th e  n i t ro g e n  m olecule. An attem pt was
made to  measure the  l i f e t im e s  o f  the  upper l e v e l .  However, due to  
p r e d i s s o c ia t io n  of  t h i s  l e v e l ,  the  r a d ia t io n  i n t e n s i t y  was too  weak 
and the  r e s u l t i n g  l i f e t im e s  probably  too sh o r t  to  measure. An in te n ­
s i t y  comparison o f  the  Lyman-a l in e  o f  hydrogen was made to  the 
B irge-H opfie ld  bands to  o b ta in  the  r a t i o  o f  th e  p r o b a b i l i t y  of 
p r e d i s s o c ia t io n  to  spontaneous emission of th e  b ^ n ^ (v '= l )  le v e l  of 
n i t ro g e n .  This comparison w i l l  be desc ribed  and th e  r e s u l t s  p resen ted  
in  Chapter IV.
CHAPTER II
THEORY AND MATHEMATICAL ANALYSES
General R ela tions  Between T r a n s i t io n  Parameters 
For e l e c t r i c  d ipo le  r a d i a t i o n ,  th e  l in e  s t r e n g th ,  S(M,N), o f  a t r a n ­
s i t i o n  connec ting  upper le v e l  M to  lower le v e l  N may be expressed as 
fo l lo w s .
S(M,N) = |(m |P |n ) |^  CD
2
| ( m |p |n ) |  i s  the squared m atrix  component connecting  a s t a t e  m o f  th e  
le v e l  M w ith  a s t a t e  n o f  the  le v e l  N. P i s  the  e l e c t r i c  d ipo le  moment 
f o r  th e  system. N atura l e x c i t a t io n  and u n p o la r iz ed  r a d ia t io n  w i l l  be 
assumed in  a l l  th a t  fo llow s.
The t r a n s i t i o n  p r o b a b i l i t y ,  A(M,N), fo r  th e  t r a n s i t i o n  from le v e l  M 
to  l e v e l  N may be desc r ibed  in  terms o f  th e  l in e  s t r e n g th .
A(M ,N)  .  6 4 .“ v l ( M , N )  S ( M . N )
3
3hc (2J^ + 1)
h and c denote P lan ck 's  c o n s tan t  and the  speed o f  l i g h t ,  r e s p e c t iv e ly .  
v(M,N) i s  the  frequency o f th e  em itted  r a d ia t io n  f o r  th e  M to  N t r a n s i t i o n .  
The f a c t o r  + 1) i s  the  number o f  s t a t e s  in  le v e l  M and i s  n ecessa ry  
simply because o f  the  summation involved  in  the  d e f i n i t i o n  o f  the  l in e  
s t r e n g th .  Treatment in  t h i s  manner i s  j u s t i f i e d  s in c e  th e  t o t a l  t r a n s i ­
5
t io n  p r o b a b i l i ty  o f  every s t a t e  in  a given le v e l  i s  the same,^^^^ The l i f e ­
tim e, , o f  a given le v e l  may be expressed as :
.  [ £ n  A C M , N ) ] - 1  = 6 4 .' v ^ ( M ,N )  ( 3 )
3hc (2J^ + 1)
The l i f e t im e  o f  every s t a t e  in  a given le v e l  i s  the  same.
I f  the  l i f e t im e ,  r i s  known, the  t r a n s i t i o n  p r o b a b i l i t i e s  may be 
determined from a measurement o f  th e  r e l a t i v e  i n t e n s i t i e s  of the  em itted  
r a d i a t i o n  from the  le v e l  M. The t o t a l  i n t e n s i t y ,  I(M,N), o f  a p a r t i c u l a r  
t r a n s i t i o n  M to  N, in  u n i t s  o f  photons p e r  second i s :
I(M,N) = A(M,N) (4)
i s  the  number o f  atoms in  le v e l  M. A summation o f  Eq. (4) over a l l  
lower le v e ls  N r e s u l t s  in  th e  fo llow ing eq u a tio n ,  w ith  th e  use o f  Eq. (3)
A(M,N) -  (5)
The abso rp tion  o s c i l l a t o r  s t r e n g th ,  f(N,M), o f  a t r a n s i t i o n  from N to  
M may be desc ribed  in  terms o f  e i t h e r  the  t r a n s i t i o n  p r o b a b i l i ty  o r  th e  
l in e  s t r e n g th .
 ^ me3 A(M,N3 
fCN,M) 2J^ + 1 8^2e% v2(M,N)
or
3he2 (2J% + 1)
m and e denote the  mass and charge o f  the  e le c t r o n ,  r e s p e c t iv e ly .  The 
r e l a t i o n s  embodied in  the  equations  in  t h i s  s e c t io n  may be used w ith  no
7d i f f i c u l t y  f o r  m olecu lar e l e c t r o n i c  t r a n s i t i o n s  i f  A ( the  p r o je c t io n  o f the  
t o t a l  e le c t ro n  o r b i t a l  angu lar  momentum on th e  i n t e m u c l e a r  ax is )  and S 
( the  t o t a l  e le c t ro n  sp in) does no t change. I f  A i s  zero  f o r  one t r a n s i t i o n  
and no t zero f o r  ano ther  t r a n s i t i o n ,  a l l  o f  the  f a c to r s  (2J + 1) r e l a t i n g  
to  the  A non-zero  l e v e l  must be m u l t ip l ie d  by 2. This s ta tem en t assumes 
th a t  S(M,N) i s  summed over both  p o s s ib le  o r ie n ta t io n s  o f  A. The most im­
p o r ta n t  use o f t h i s  f a c t o r  o f  2 i s  in  Eq. (6) which r e l a t e s  th e  two mea­
su rab le  q u a n t i t i e s  f(N,M) and A(M,N).
L ife tim es o f  R o ta t io n a l  and V ib ra t io n a l  Levels 
o f  Diatomic Molecules
Molecular t r a n s i t i o n  f a c to r s  a re  u s u a l ly  desc rib ed  w ith  d i f f e r e n t  
n o ta t io n .  To p ro p e r ly  d e f in e  th e  n ecessa ry  n o ta t io n ,  th e  quantum mechan­
i c a l  d e s c r ip t io n  o f  the  d ia tom ic  molecule w i l l  be b r i e f l y  co n s id e red .  In 
th e  Bom-Oppenheimer approximation to  th e  d iatom ic m olecule, the  wave func­
t io n ,  y eY((AM> ^ given s t a t e  i s  s ep a rab le  in to  th re e  fu n c t io n s .
^evKAM ^ ^ e ^ ^ e '
Y g i s  the  e le c t r o n i c  wave fu n c tio n  which depends on th e  c o o rd in a te s  o f  the  
e le c t ro n s ,  r ^ ,  w ith  r e s p e c t  to  the  m olecular f ix e d  ax is  and on th e  d is ta n c e ,
R, o f  sep a ra t io n  o f  the  two n u c le i .  The angle v a r ia b le s  (8 ,# )  re fe re n ce  
th e  m olecular f ix e d  coo rd ina tes  to  space f ix e d  c o o rd in a te s . The quantum 
number A d esc r ib e s  the  p ro je c t io n  o f  the  e le c t ro n  angu la r  momentum along
the  in te m u c le a r  a x is .  ---- ^—  i s  the  v ib ra t io n a l  wave fu n c t io n  andYj.y^j^^ (8 ,^)
i s  the  r o t a t i o n a l  wave fu n c t io n .  The Schroedinger wave equation  i s  approx­
8im a te ly  sep a rab le  w ith th e  use o f  Eq. (8) fo r  Hand's coupling cases a and
b .(1 2 )
The se p a ra te d  r o t a t i o n a l  wave equation  may be f u r th e r  s im p l i f ie d  with 
th e  fo llow ing  d e f in i t io n .
f 131The r o t a t i o n a l  wave equation  as expressed  by Kronig^ w i l l  y i e ld  the
fo llow ing  exp ress ion .
8 d _ i  +
s in ^  0
[— 4s-  l ------ 1—  {_m2 +2MA cos 0 - a2cos20}-K]F = 0
s in0  d0 I d0 1 .
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Define a new v a r i a b le ,  x.
X = 1/2(1 - cos 0)
The v a r ia b le  s u b s t i t u t i o n  reduces Eq. (9) to :
d ( x ( l - x ) ) df ^ _ (M + A_(2x - l))_jp _ Q ( 1 0 )
dx dx 4 x ( l  - x)
Eq. (10) now has the same form as th e  se p a ra te d  equation  d e sc r ib in g  the
(14)symmetrical top which has been examined by Rademacker and Reiche.
S im ila r  to  Eq. (1) fo r  an e l e c t r i c  d ipo le  t r a n s i t i o n ,  th e  l in e
s t r e n g th ,  connecting one le v e l  w ith  an o ther ,  may be d e sc r ib ed
as fo l lo w s , v a l id  to  w ith in  th e  p rev ious  approxim ations.
- e 'v 'K 'A '
e"v"K"A"
= s J[,'^,'|/y^ , ( R ) { |  y ^ , ( Î ^ ,R )  P J Ï ^ )  Yg„(rg,R) dVglYy„(Rl dR|2 (11)
A sum over th e  upper and lower s t a t e s  o f  M' and M" has a lread y  been p e r-
K'A 'formed. i s  the  e l e c t r i c  d ipo le  moment. ,, a re  the  Honl-London
f a c to r s  which are w ell ta b u la te d  f o r  most common cases by Herzberg.
These Honl-London fa c to r s  a re  ob ta ined  from the  e a r ly  work done on the 
symmetrical to p ,  s in ce  the  form o f  the  Schroed inger equation  f o r  the  sym­
m e tr ic a l  top i s  i d e n t i c a l  to  Eq. (10). The squared term in  Eq. (11) i s
r e f e r r e d  to  as the  band s t re n g th  and des igna ted  by p ^ ,^ „ .  H enceforth ,
0  ^0**th e  e l e c t r o n i c  des ig n a tio n  on p^i^u w i l l  be dropped as a l l  the  fo llow ing  
d is cu s s io n  i s  to  be ap p lied  to  e l e c t r o n i c  t r a n s i t i o n s  which have unique 
e '  and e". The in s id e  i n t e g r a l  in  the  band s t r e n g th  i s  the e l e c t r o n ic  
t r a n s i t i o n  component. I f  i t  i s  a s lowly vary ing  fu n c tio n  o f  R, i t  may be 
removed from the  in t e g r a l  over R. The e le c t r o n i c  t r a n s i t i o n  component i s  
u s u a l ly  d es igna ted  as R^.
e ' v ' K ' A  ' _ K'  A'  = .
e"v"K'A" " K" A" v'v"-^ % 'v "
q^,^,, i s  th e  square o f  the  v ib r a t io n a l  overlap  i n t e g r a l  and i s  c a l l e d  th e  
Franck-Condon F ac to r.  R^,^^ i s  th e  R -cen tro id  and i s  dependent on the  
p a r t i c u l a r  v '  to  v" t r a n s i t i o n .
For a t r a n s i t i o n  from a r o t a t i o n - v ib r a t i o n  le v e l  in  a given e le c t r o n ­
i c  s t a t e  to  a r o ta t io n - v ib r a t io n  le v e l  in  ano ther given e le c t r o n i c  s t a t e ,
e ' V ' K 'A 'the t r a n s i t i o n  p r o b a b i l i t y ,  may be de sc r ib ed  w ith  Eq. (11) ,
s im i la r  to  Eq. (2) .
4 3 gK'A '
. e ' v ’K'A' 64 TT V (v 'K ':v"K ") "K'A "
v (v ' K';v"K") i s  the  frequency o f  th e  em itted  r a d ia t io n  due to  th e  t r a n s i -
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t io n  which i s  being considered .
A simple express ion  r e s u l t s  i f  the  t r a n s i t i o n  p r o b a b i l i ty  from a given 
r o ta t io n a l  (K') and v ib ra t io n a l  (v ')  le v e l  i s  summed over a l l  lower r o t a ­
t io n a l  (K") le v e ls  in  a given lower v ib r a t io n a l  (v") le v e l .
K" C 'K "  = Z - ^ v 3 ( v '  K':v"K") (13)
^  ^  K" 3hc3 (2K' + 1)
The e ' , e " ,  A' and A" n o ta t io n  has been dropped in  Eq. (13) s in ce  i t  i s  
assumed to  be completely s p e c i f ie d  and unique in  a l l  t h a t  fo llow s. The 
frequency o f  the  t r a n s i t i o n s  in  a given band a re  n e a r ly  equal. Thus, the  
frequency term may be removed from the  sum in  Eq. (13) and s t i l l  g ive  ap­
proxim ately  the  c o r re c t  r e s u l t s .  The only terms then l e f t  in  th e  sum 
which depends on K" are th e  Honl-London f a c to r s .  I t  i s  easy to  v e r i f y  
t h a t ,  f o r  a l l  th e  Honl-London fa c to r s  ta b u la te d  by Herzbergf^^^ th e  
fo llow ing i s  c o r re c t .
s]J,' = (2K' + 1) (14)
Eq. (13) may be w r i t t e n  as fo llow s , w ith  th e  use o f  Eq. (14).
^K" \ " K "  v 3 (v ' ,v " )  Pyi^n (15)
v (v ' ,v " )  i s  the frequency between the  zero r o t a t i o n a l  l e v e l s .  Eq. (15) 
then s t a t e s  t h a t ,  to  the  approximations employed, the  t r a n s i t i o n  p r o b a b i l ­
i t i e s  from a l l  r o t a t i o n a l  le v e ls  o f  a given v ib r a t i o n a l  le v e l  to  a  given 
lower v ib r a t i o n a l  lev e l  are  the  same. Hence, th e  sum o f  th e  t r a n s i t i o n  
p r o b a b i l i t i e s  in  Eq. (15) may be d e s ig n a ted  by only the  v ib r a t io n a l  l e v e l s ,  
A (v ' ,v " ) .  The l i f e t im e  o f the  v ib r a t io n a l  l e v e l  may now be w r i t t e n  s im i-
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l a r l y  to  Eq. (3 ) .
T^, = [ V  A (v ' .v " ) ]  ‘ v 3 (v ' ,v " )  ■ (16)
3hc^
Thus the  th eo ry  p r e d ic t s  th a t  the  l i f e t im e s  o f  a l l  th e  r o t a t i o n a l  l e v e l s  
a re  th e  same to  w ith in  th e  approximations made.
The v a r i a t i o n  o f  the  l i f e t im e  (due only to  th e  f a c t o r  in  Eq. (13)) 
with r o t a t i o n a l  le v e l  w i l l  now be determ ined fo r  a p a r t i c u l a r  v ib r a t i o n a l  
le v e l  o f  th e  n i t ro g e n  m olecule. The f i r s t  n eg a t iv e  system o f  n i t r o g e n  
r e s u l t s  from a 4%% t r a n s i t i o n .  The Honl-London f a c to r s  (S j*) f o r  t h i s
type  o f  t r a n s i t i o n  have been ta b u la te d  by M ulliken.
s / 1  = s / 1  = ^
s / 2  .  s / 2  = J (17)
RQ21_ PQ12_ 2J - 1
" 4J (J  - 1)
J  i s  to  be taken  as th e  l a r g e s t  o f  th e  two va lues  J ' o r  J " .  The two f a c ­
to r s  f o r  both  the  R and P branch are  due to  the  s p l i t t i n g  o f  each r o t a t i o n ­
a l  l e v e l  i n to  two le v e ls  by th e  e le c t ro n  sp in  i n t e r a c t i o n .  J  i s  now the  
quantum number f o r  th e  combination of  e le c t ro n  sp in  and n u c le a r  r o t a t i o n
in  Hand's Coupling case b and takes  on the  va lues  K ± 1 /2 . The e x t r a
p p
branches and due to  a change in  J  equal to  zero  t r a n s i t i o n
where th e  change in  K i s  s t i l l  p lus  or minus one. The f re q u e n c ie s  o f  th e
R  ^ and R  ^ branches are  approxim ately  equal f o r  a given va lue  o f  K. The
same ho lds  f o r  P^ and P^. The frequenc ies  o f  th e  t r a n s i t i o n s  corresponding
R Pto  th e  Honl-London f a c to r s  and approxim ate ly  equal to  the
12
frequenc ies  corresponding  to  o r and or P^, r e s p e c t iv e ly .  I f  the  
equations  in  (17) are  s u b s t i t u t e d  in to  Eq. (13 ) ,  th e  fo llow ing  approximate 
equation  r e s u l t s .
64 .4  Py,y„
3hc3 (2K'+1)
+ v 3 ( v 'J ' :v " J " )  ( + v 3 ( v 'J ' : v " J " )  ( - )  }
^  J 4 J '( J '+ 1 )
The sura in  Eq. (18) i s  l im i te d  to  th r e e  terras due to  th e  s e l e c t io n  ru le s  
fo r  th e se  t r a n s i t i o n s .  The freq u en c ies  V p ( v 'J ' :v " J " )  and V p (v 'J ' :v " J " )  
a re  the  f req u en c ies  o f  th e  P^  ^ o r  th e  P^ and th e  Rj^  o r  R  ^ b ran ch es ,  re sp ec ­
t i v e l y .  The frenquency V p (v 'J ' :v " J " )  i s  equal to  V p ( v 'J ' :v " J " )  or V p (v 'J ' :v " J " )  
according  to  whether J* i s  K '+ l/2  o r  K ' - l / 2 ,  r e s p e c t iv e ly .  N otice th a t  
the  c o e f f i c i e n t  on Vq (v ' J ' : v ''J") approaches ( 2 J ' ) " ^  as J '  becomes la rg e  
w hile  th e  c o e f f i c i e n t s  o f  Vp(v’J ' : v " J " )  and V p (v * J ':v "J" )  approach J ' .
Thus fo r  la rg e  J ' l e v e l s ,  th e  Q terras becorae sm all .
For th e  J '  le v e l s  which are  equal to  K '+ l /2 ,  th e  summed t r a n s i t i o n  
p r o b a b i l i ty  in  Eq. (18) becomes:
h "  v "J"
Pv'v"  ^ v 3 ( v ' J ' : v " J " )  2K'+1  * v 3 ( v ' J ’ :v"J") gR' + i  } (19)
Eq. (19) i s  a lso  c o r re c t  fo r  th e  J '  le v e l s  which are  equal to  K '- l / 2 .
The summed t r a n s i t i o n  p r o b a b i l i ty  in  Eq. (19) has a form i d e n t i c a l  to  
the  summed t r a n s i t i o n  p r o b a b i l i t y  o f  a t r a n s i t i o n .  This i s
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ex a c t ly  as i s  to  be expected s in ce  th e  in t e r a c t io n  of  th e  e le c t ro n  sp in  
and n u c lea r  r o t a t i o n  was no t inc luded  in  th e  approximation used to  de rive  
Eq. (19). Since both  J '  le v e ls  o f  a given K* le v e l  have th e  same t r a n ­
s i t i o n  p r o b a b i l i t i e s ,  the  J '  n o ta t io n  o f  Eq. (19) w i l l  be changed to  K'.
V A ^ 'J '  T .v 'K '
h "  v "J"  ^K" v"K"
Let R (v ' ,v " ,K ')  be the  r a t i o  o f  t h i s  summed t r a n s i t i o n  p r o b a b i l i ty
o f an a r b i t r a r y  le v e l  to  t h a t  o f  th e  K'=0 le v e l .
I k.. < . '.k ’.
RCV.v-'.K') = /  I I  = (20)
^K" v"K"
v3(v 'K ' : v''K") (K' + l )  + v3(v 'K ' : v"K") K' 
v 3 ( v '0 :v " l )  (2K'+1)
Table 1 g ives t h i s  r a t i o ,  as c a lc u la te d  f o r  the  two bands, B ^L^^(v'=0) ->■ 
X *(v '=0) and B ^Z^^(v'=0) -*■ X ^E g^(v '= l)  o f  the  n i t ro g en  m olecular
(17)ion . The frequencies  used were taken  from th e  measurements o f  C h ild s .^  
R(K') in  Table 1 i s  the  average o f  th e  o th e r  two R r a t i o s  l i s t e d .
The l i f e t im e s  o f  th e  v '  and K' le v e l s  may now be expressed  w ith  
th e  frequency c o rrec ted  t r a n s i t i o n  p r o b a b i l i t i e s  o f  Eq. (19).
? v ' , K '  = { L "  ^ v ''K '' ™
It v3(v 'K ' : v"K") (K' + l )  +v3(v 'K ':v"K") K'2 r64ir^ r _ P R 1-1
IShc^ ^v" P v 'v"  (2K'+1) f
With th e  use o f  the  r a t i o s  defined  in  Eq. (20) , a l i f e t im e  r a t i o  may be
Table 1. T h e o re t ic a l  
t i c a l  Ratios 
EfZ+Cv' = 0)
Ratios o f  T ra n s i t io n  P r o b a b i l i t i e s  (R) and 
o f  L ife tim es (Z) o f  the  R o ta t io n a l  Levels 
Level Due Only to  th e  Frequency Terms.
Theore- 
o f  the
K' RC0,0,K') R (0 ,1 ,K ') R(K') Z
0 1 1 1 1
1 1.000 1.000 1.000 1.000
3 1.000 1.000 1.000 1.000
5 1.001 1.001 1.001 0.999
7 1.001 1.001 1.001 0.999
9 1.002 1.002 1.002 0.998
11 1.002 1.003 1.002 0.998
13 1.003 1.004 1.003 0.997
15 1.004 1.005 1.004 0.996
17 1.005 1.007 1.006 0.994
19 1.007 1.008 1.007 0.993
21 1.007 1.010 1.008 0.992
23 1.010 1.012 1.011 0.989
25 1.012 1.014 1.013 0.987
27 1.014 1.016 1.015 0.985
29 1.016 1.019 1.017 0.983
31 1.018 1.022 1.020 0.980
33 1.020 1.024 1.022 0.978
35 1.023 1.028 1.025 0.976
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formed.
V ' .K '  _ ^v" Py 'v"
V ' , 0  Zv" P w "  v g ( Y ' 0 : v " l )  R(v ' , V ' , K ’ )
R (v ',v " ,K ")  i s  approxim ately independent o f  v " . This approxim ation 
i s  very  good f o r  th e  f i r s t  n e g a t iv e  system o f  as i s  demonstrated 
in  Table 1, s in ce  th e  two ta b u la te d  t r a n s i t i o n s  c o n s t i t u t e  over 90% 
o f  th e  t o t a l  r a d ia t io n  em it te d  from th e  B^E^^(v'=0) l e v e l .  I f  R(K') 
i s  now s u b s t i t u t e d  in to  Eq. (22) f o r  R (v ',v",K *) and then  fa c to re d  
from th e  sum, the  l i f e t im e s  o f  th e  r o t a t i o n a l  le v e ls  o f  th e  zero  v ib r a ­
t i o n a l  l e v e l  o f  o f  can be expressed  in  terms o f  th e  zero
r o t a t i o n a l  le v e l .
.  -  I M .  -  7 .
0 ,K '  "  R (K ')  " O ' O
Z i s  a l so  given in  Table 1.
Time Dependence o f  E xc ited  P a r t i c l e  C oncen tra tion  
The param eter r e f e r r e d  to  as th e  l i f e t im e  o f  a given e l e c t r o n i c  
s t a t e  may be u t i l i z e d  to  d e sc r ib e  m athem atica lly  th e  d e n s i ty  o f  e x c ited  
p a r t i c l e s  a f t e r  the  e x c i t a t i o n  mechanism has ceased. I f  spontaneous 
em ission i s  the  only p o p u la t io n  o r  depopulation  mechanism, th e  d i f f e r e n ­
t i a l  equation  d e sc r ib in g  th e  r a t e  o f  change o f  th e  d e n s i ty  o f  e x c i ted  
p a r t i c l e s ,  N*, i s :
dN*
d t - I j  A. N* (24)
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Aj i s  th e  t r a n s i t i o n  p ro b a b i l i ty  o f  a t r a n s i t i o n  from th e  s t a t e  o f  th e  N* 
p a r t i c l e s  to  a lower s t a t e ,  j .  S o lu t io n  o f  Eq. (24) and use o f  th e  d e f i n i ­
t io n  in  Eq. (3) g iv e s :
N* = N* e " t /T  (25)
N* i s  the  d e n s i ty  o f  the  e x c ited  p a r t i c l e s  a t  time zero . More genera l  popu-
(18)l a t io n  mechanisms a re  d iscussed  by H o lz b e r le in .^
The m athem atical d e s c r ip t io n  o f  a p a r t i c u l a r  case o f  depopulation  mech­
anisms w i l l  now be considered  f o r  l a t e r  ise .  Assume th a t  the  im portant 
popu la tion  and depopulation mechanisms a re  spontaneous em ission, volume 
c o l l i s i o n a l  depopu la t ion , and w ail c o l l i s i o n a l  depopulation  due t o  d i f f u s io n .  
The m athematical analogue fo r  th e se  co n d it io n s  i s :
^  = -AN* - N avN* + DV^ N* (26)d t  0
A s tands  f o r  the  sum o f  a l l  the  t r a n s i t i o n  p r o b a b i l i t i e s  from the  e x c i ted  
le v e l  which N* occup ies , i s  th e  d e n s i ty  o f  p a r t i c l e s  in  the  ground s t a t e ,  
a i s  th e  cross  s e c t io n  fo r  the  volume c o l l i s i o n a l  depopulation  o f  th e  ex­
c i te d  le v e l  which N* occupies , v i s  th e  v e lo c i ty  o f  th e  c o l l i s i o n ,  D i s  
the  d i f fu s io n  c o e f f i c i e n t  f o r  the  n i t ro g e n  molecule and is  the  Laplacian 
o p e ra to r .  In h e ren t in  Eq. (26) i s  the  assumption th a t  a l l  e x c i te d  p a r ­
t i c l e s ,  N*, which co n tac t  the  wall o f  th e  in v e r t ro n  a re  depopulated w ith ­
out th e  emission o f  a photon which th e  e x c i te d  p a r t i c l e  c h a r a c t e r i s t i c a l l y  
emits in  f r e e  space.
Since th e  r e s u l t s  o f  t h i s  a n a ly s is  w i l l  be ap p lied  to  th e  in v e r t ro n ,  
the  Laplacian o p e ra to r  o f  Eq. (26) i s  b e s t  expressed in  c y l in d r i c a l  coor­
d in a te s .  The immediately s im p lify in g  assumption o f  no angular  or a x ia l  
dependence o f  th e  e x c i ted  p a r t i c l e  d e n s i ty  w i l l  be made. The lack o f
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a x ia l  dependence i s  a reasonab le  assumption s in ce  the in v e r t ro n  e x c i t a t i o n  
region  has a ten  to  one leng th  (£) to  ra d iu s  (a) r a t i o .  Eq. (26) i s  now 
sep a rab le  by express ing  N* as fo llow s.
N* = R(r) TCt) (27)
R(r) i s  an assumed fu n c tio n  o f  the  r a d iu s ,  r ,  and T ( t)  i s  an assumed func­
t io n  o f  tim e , t ,  only . S u b s t i tu t io n  o f  Eq. (27) in to  Eq. (26) and u t i l i ­
z a t io n  o f  (-p2) as the  sep a ra t io n  c o n s tan t  leads to  th e  fo llow ing  eq u a tio n s .
^  =-(p2 + A + N^av)T (28)
0 (29)
S o lu t io n  o f  Eq. (28) and (29) y ie ld s  th e  fo llow ing  r e s u l t ,  a f t e r  th e  r e ­
quirement o f  f in i t e n e s s  i s  imposed on the  s o lu t io n .
N* = C exp(-p2 -A - NgGv)t } (30)
i s  th e  zero o rde r  Bessel fu n c tio n .  Let the  boundary cond itions  be as
fo llow s.
t  = 0 rN* = N* r< a
0
N* = 0 r> a (31)
This leads to  the  genera l so lu t io n :
"  D p r ,
N* = N* ^ exp {( — A - N^avjt} o n a (32)
° n=l a2 ° “n ‘^ l ( “n^
The a ^ ' s  a re  zero ro o ts  o f  and a i s  th e  rad ius  o f  th e  in v e r t ro n .
The time dependency o f  th e  t o t a l  em itted  l i g h t ,  I ( t ) ,  f o r  a g iven
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t r a n s i t i o n  may be expressed  now by in t e g r a t in g  N* from Eq. (32) over th e
volume o f  th e  in v e r t ro n .  The r e s u l t  o f  such an i n t e g r a t i o n  i s :
-A too n
I ( t )  = 4na2 N*& A* T ^ ------  (33)
° n=l “n
A* i s  th e  t r a n s i t i o n  p r o b a b i l i ty  f o r  th e  p a r t i c u l a r  t r a n s i t i o n  under study 
and th e  e f f e c t i v e  t r a n s i t i o n  p r o b a b i l i t y ,  À, i s  d e f in ed  as fo llow s.
D
À = A + N a v  + — —  (34)
n ° a2
The t h i r d  term on the  r i g h t  hand s id e  o f  Eq. (34) can be e v a lu a ted  with 
th e  use o f  the  measured d i f f u s io n  c o e f f i c i e n t s  o f  Winter^^^^ and o f  Winn.^^^^ 
For th e  use o f  t h i s  a n a ly s i s ,  D i s  expressed  in  terms o f  th e  co n ce n tra t io n  
o f  the  n e u t r a l  p a r t i c l e s  a t  the  tem pera tu re  o f  th e  gas in  th e  in v e r t ro n .
D = (35)
o
has u n i t s  o f  p a r t i c l e s  p e r  cub ic  c en tim e te r .  The f i r s t  (n = 1) 
exponen tia l term in  Eq. (33) can now be expressed  w ith  Eq. (34) and (35).
Â = A + N av  + (36)0 No
The s u b s c r ip t  on Â has been dropped. i s  now expressed  in  u n i t s  o f  10^^ 
p a r t i c l e s  p e r  cubic  cen t im e te r  and the  values  o f  th e  ra d iu s  o f  th e  in v e r ­
t ro n  (a) and th e  f i r s t  zero ro o t  o f  i s  used in  Eq. (36) . N^ov i s  o f te n  
r e f e r r e d  to  as th e  c o l l i s i o n  frequency.
An i n t e r e s t i n g  and u s e fu l  s e r i e s  can be o b ta ined  from Eq. (33). At
zero t im e , the  i n t e n s i t y  i s  known independent o f  Eq. (33) and can be ex­
p re ssed  as fo llow s.
I ( t  = 0) = (waf) Z A*N*Q (37)
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Eq. (33) a l so  expresses  th e  i n t e n s i t y  o f  r a d ia t io n  a t  time zero .
"  1I ( t  = 0) = (4) (7ra2) £ A*N* % (— ) (38)
n=l 0 . ^ 2
Equating (37) and (38) then  y ie ld s  the  fo llow ing  i n f i n i t e  s e r i e s .
1 /4  = Î  (— ) (39)
n=l
The f r a c t io n  ( f )  o f  the  i n t e n s i t y  due only  to  the  f i r s t  term in  the  
s e r i e s  o f  Eq. (33) can now be determined fo r  t  equal zero .
f  = (-—■ ) = 0 .7  (40)
“n"
Thus th e  f i r s t  term  of the  s e r i e s  ( h e r e a f t e r  r e f e r r e d  to  as th e  f i r s t  mode) 
c o n tr ib u te s  most o f  th e  t o t a l  i n t e n s i t y .
Another f a c to r  c o n tr ib u te s  to  th e  dominance of  the  f i r s t  mode. The 
h ig h e r  modes decay more ra p id ly  than th e  f i r s t  mode. For example, in  
Eq. (33) , the  f i r s t  term o f  the  exponen tia l  in  th e  sum in c lu d es  The
r a t i o  o f  the  e q u iv a len t  l i f e t im e s  o f  t h i s  term f o r  the  second mode to  the  
f i r s t  mode i s  g r e a te r  than f iv e  to  one. The i n i t i a l  boundary co n d itio n s  
used in  Eq. (32) assumed a constan t c o n c e n tra t io n .  Due to  th e  f a s t e r  
decay o f th e  h ig h e r  modes, th e  c o r re c t  boundary cond itions  would have a 
fu n c t io n a l  dependency o f  N* on r  which decreased  with in c re a s in g  r .  This 
would have the  e f f e c t  o f  w eighting the  zero mode even more than  Eq. (40) 
im p l ie s .
Time Dependency of Decay Curve fo r  M ultip le  
Pho toe lec tron  D is to r t io n
The time dependency o f  the  decay curve , when Timing and D etec tion
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System I I I :  Delayed Coincidence i s  used , i s  a func tion  o f  th e  average num­
b e r  o f  p h o to e lec tro n s  p e r  e x c i t a t io n  p u lse  to  the  in v e r t ro n .  This time 
dependency can be derived  in  a n a ly t ic  form in  th e  fo llow ing  way.
Assume t h a t  i s  the p r o b a b i l i ty  t h a t  a photon em itted  in  the  in v e r ­
t ro n  w i l l  c re a te  a pho to e lec tro n  in  th e  p h o to m u lt ip l ie r  a f t e r  passage 
through th e  monochromator. Let A be th e  re c ip ro c a l  of th e  l i f e t im e  o f a 
c e r ta in  s t a t e ,  and l e t  A' be the  t r a n s i t i o n  p r o b a b i l i ty  fo r  decay o f t h a t  
same s t a t e  to  produce a photon whose wavelength i s  under o b se rv a tio n .
Let N be th e  i n i t i a l  number o f  e x c i te d  atoms of the  same p a r t i c u l a r  s t a t e .  
From time t  t o  t  + d t ,  the  p r o b a b i l i t y ,  dP, t h a t  an e x c i te d  atom w i l l  p ro ­
duce a p h o to e lec tro n  and th a t  t h i s  i s  th e  f i r s t  p h o to e le c tro n  produced 
f o r  a given pu lse  to  the  in v e r tro n  may be desc r ibed  as :
dP = P P P .  dP, (41)e c f  d
Pg i s  the  p r o b a b i l i ty  t h a t  a p a r t i c u l a r  atom e x is t s  a t  tim e t ,  dP^ i s  the  
p r o b a b i l i ty  t h a t  th is  atom decays i n to  th e  observed mode during  t  to  t  + d t ,  
P j  i s  the  p r o b a b i l i ty  t h a t  a l l  o th e r  atoms have f a i l e d  by time t ,  and P^ 
i s  as p re v io u s ly  defined . Each o f the  s e p a ra te  p r o b a b i l i t i e s  w i l l  be con­
s id e red .  F i r s t ,  Pg w i l l  be ob ta ined .
Note th a t  the  p r o b a b i l i ty  t h a t  no o th e r  p h o to e lec tro n  has been c re ­
a ted  by time t  i s  equal to  the  p r o b a b i l i ty  t h a t  a l l  o th e r  p a r t i c l e s  in  the  
p a r t i c u l a r  e x c i ted  le v e l  have f a i l e d  to  c re a te  a p h o to e le c tro n  by time t .
To f in d  t h i s  p r o b a b i l i ty  o f  f a i l u r e  o f  a l l  o th e r  atoms, c o n s id e r  the  prob­
a b i l i t y  o f  su ccess ,  Pg, f o r  a given e x c i te d  atom by a time t .
Pg = [1 - exp(-A t)]P^ (42)
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Now the p r o b a b i l i ty  o f  f a i l u r e  o f  a g iven e x c i te d  atom i s :
(1 - Pg) = {l - P ^ [l  - expC-At)]}
The p r o b a b i l i ty  o f  f a i l u r e  o f  a l l  atoms o th e r  than  th e  one f o r  which Eq. (41) 
was w r i t t e n  i s  P^ and may be w r i t t e n  as:
? £ = { ! -  PgEl - expC-At)]}^"^
= 1 -(N - 1)[1 - exp(-A t)]P^ - (N-l){N-2)p 2 ^ i _ ex p (-A t)]^
+ . . . .
« (NP^)" [1 - e x p (-A t) ]"  ( -1 )"
&    ^ --------------------------
The v a l i d i t y  o f  the  l a s t  approximation i s  based  upon the  f a c t  th a t  
(NP
<< 1 n = in te g e rn
i s  c o r re c t  f o r  much sm a l le r  va lues  of n than  i s  th e  ex p re ss io n ,
(N - n) «  N
Now define  :
NP^ = M (44)
M i s  the  average number o f  p h o to e lec tro n s  produced p e r  e x c i t a t i o n  p u ls e .  
The combination o f  Eq. (43) and (44) g iv e s :
Pf = % ,W i_.^i..U _:_±:K2 (-At] ]_  exp{-M[l - exp(-A t)]}  (45)
n=0
The o th e r  terms in  Eq. (41) a re  w ell known.
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Pg = exp(-At) (46)
dP^ = A' d t  (47)
I n s e r t io n  o f  th e  va lues  from Eq. (45 ) ,  (46) and (47) in to  Eq. (41) g ives :
dP = A’ exp(-At)P^ exp{-M [l-exp(-A t)]}  d t  
Now the  i n t e n s i t y ,  1 ' ,  o f  the  observed r a d i a t i o n  i s :
1 ' = = NA'P^ exp (-At) exp{-M[l - exp(-A t)]}
The tim e dependent p a r t ,  l ( t ) ,  i s  the  p a r t  o f  i n t e r e s t .
l ( t )  = exp(-At) exp{-M[l - e x p ( -A t) ]} (48)
An i n t e r e s t i n g  dem onstra t ion , which lends c r e d i b i l i t y  to  th e  r e s u l t s  
o f  Eq. (48 ) , i s  to  show th e  r e l a t i o n  o f  Eq. (48) to  a Poisson d i s t r i b u t i o n .  
The j u s t i f i c a t i o n  f o r  apply ing  a Poisson d i s t r i b u t i o n  i s  th e  same as the  
j u s t i f i c a t i o n  used to  o b ta in  th e  approxim ation in  Eq. (43 ) .  To show the  
r e l a t i o n ,  cons ide r  th e  average number o f  p h o to e le c tro n s  no t counted us ing  
a Poisson d i s t r i b u t i o n .  When zero o r  one p h o to e le c tro n s  occur f o r  an 
in v e r t ro n  p u ls e ,  no p h o to e le c tro n s  a re  l o s t ,  i e  a l l  a re  counted. When x 
p h o to e lec tro n s  occur f o r  an in v e r t ro n  p u l s e ,  x minus one p h o to e lec tro n s  
a re  no t counted. Poisson s t a t i s t i c s  then  g ives th e  average number o f  
p h o to e le c tro n s  l o s t  p e r  p u lse  as:
T exp(-M) M^(x-l) ^ „  Y exp(-M)M* _r exp(-M)M%
x=2 x '= l  x=2
Now th e  f r a c t io n  o f  p h o to e le c tro n s  l o s t  p e r  p u ls e ,  F^, i s  g iven by d iv id in g
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Eq. (49) by th e  average number o f  p h o to e lec tro n s  p e r  pulse.
F = y e^ (-M)M^ _ 1 y £ V  (50)
^ x '= l  X ' ! x=2 x!
The f r a c t io n  o f  p h o to e lec tro n s  l o s t  may a lso  be c a lc u la te d  from the 
time dependent fu n c t io n ,  Eq. (48). The b e s t  way to  do th i s  i s  to  ca lc u ­
l a t e  th e  f r a c t io n  n o t  l o s t ,  F^.
F = (51)
"  r  e -A 'd t
0
The denominator in  Eq. (51) expresses the  t o t a l  number o f  p h o to e le c tro n s  
t h a t  occur. A constan t m u l t i p l i e r  has been om itted  in  both  denominator 
and num erator. Eq. (51) may be e a s i ly  in te g r a te d  to  g ive:
F = [1 - exp(-M)]
^n M
The f r a c t io n  l o s t  then becomes:
F^ = 1 - = 1 - (52)
I t  can be shown th a t  Eq. (50) and Eq. (52) are e q u iv a len t  by m u lt ip ly in g  
Eq. (52) by exp(M).
exp(M)F^ = exp(M) - + 1  (53)
Eq. (53) can be expanded using  the normal i n f i n i t e  s e r i e s  expansion fo r  
exp(M). A fte r  the  s i m i l a r  terms are  c a n c e l led ,  Eq. (53) becomes id e n t i c a l  
to  Eq. (50) a f t e r  m u l t ip ly in g ,  as c o r re c t io n ,  Eq. (53) by exp(-M) a f t e r  
the  s e r i e s  expansion and c a n c e l la t io n .
To demonstrate th e  d i s t o r t i o n  o f  the  t ru e  time dependency as compared
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to  th e  observed time dependency o f  th e  decay curve , fo r  va lues  o f  M not 
sm all ,  th e  d i s t o r t e d  curve i s  p lo t t e d  in  F igure  1 f o r  two va lues  o f  M 
(1 and 0 .3 ) along with the  t ru e  curve, ex p (-A t) ,  which i s  th e  same as M 
equal zero.
In p r a c t i c e ,  M cannot be measured d i r e c t l y  s in ce  a measurement o f  
the  number o f  counts w i l l  miss the  f r a c t i o n  l o s t .  However, Eq. (52) can
be m anipulated to  y i e l d  M from the r a t i o  o f  the  measured counts (CM) to
the  t o t a l  number o f  p o s s ib le  counts (CP). From Eq. (52),
F^ = 1 - ^ [1  - exp(-M)] = (54)
CT is  the t ru e  number o f  counts. In a d d i t io n ,
M = ^  (55)
Eq. (54) and (55) co n ta in  two unknowns, M and CT, each o f  which a re  unique­
ly determ inab le . The d e te rm ina tion  o f  M from Eq. (54) and Eq. (55) follows,
M = - l n [ l  - ( ^ ) ]  (56)
CMFor small values o f  M may be approximated as fo llow s.
(.CM,, 2 3
-  4 ^  '4 -  (S')
For ( ^ )  le s s  than  0 .1 ,  M may be taken to  be equal to  ( ^ )  w ith  l e s s  than 
1% e r r o r  in  the  r e s u l t s .  For values o f  ( ^ )  l a r g e r  than 0 .1 ,  Eq. (56) 
should be used to  determ ine M. F a i lu re  to  make t h i s  c o r r e c t io n  w i l l  r e s u l t  
in  underestim ates  o f  the  decay time.
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Figure 1. T h eo re t ic a l  D is to r t io n  of Decay Curve,
CHAPTER I I I  
EXPERIMENTAL APPARATUS 
In tro d u c t io n
The equipment used  in  t h i s  experiment can be d iv id ed  in to  th ree  
gen era l  c a te g o r ie s  :
1) In v e r tro n  and a s s o c ia te d  vacuum system
2) Monochromator and p h o to m u lt ip l ie r
3) E le c t ro n ic  equipment.
The in v e r t ro n  was an e l e c t r o n  gun o f  a s p e c ia l  design used to  c re a te  atoms 
and molecules in  e x c i te d  s t a t e s .  The a s s o c ia te d  vacuum system was used to  
maximize p u r i t y  o f  th e  gas and to  produce s u f f i c i e n t l y  low p re s su re  fo r  
th e  p roper  o p e ra tio n  o f  th e  in v e r t ro n .  The monochromator was used to  
s e l e c t  th e  p roper  wavelength em itted  by th e  e x c i te d  atom o r  molecule 
which was c h a r a c t e r i s t i c  o f  a d e s ire d  e x c i te d  s t a t e .  The p h o to m u lt ip l ie r  
was used to  d e te c t  the e m itted  r a d ia t io n .  The e l e c t r o n i c  equipment was 
used f o r  two purposes. The f i r s t  e l e c t r o n i c  equipment group was used to  
produce th e  e x c i t a t io n  p u lse  which was ap p lied  to  the  in v e r t ro n  fo r  
e le c t ro n  a c c e le r a t io n .  The second group o f  e l e c t r o n ic  equipment was used 
to  d e te c t  th e  p h o to m u l t ip l ie r  output and d is p la y  i t  in  some observable 
manner.
Figure  2 i s  a photograph o f  some o f  th e  experim ental equipment.
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Figure  2. Experim ental Apparatus,
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NUMBER IDENTIFICATION OF EXPERIMENTAL APPARATUS 
(Figure 2)
1. Vacuum Gauge
2.  Vacuum System
3. E x c i ta t io n  Cable
4. Rate Meter
5. T im e-to-Pulse  Height Converter
6. P h o to m u lt ip l ie r
7. Monochromator
8. M ultichannel Analyzer
9. In v e r tro n  Surrounded by Heating Coils
10. Induc tion  H eater
11. P r i n t e r
12. P h o to m u lt ip l ie r  Power Supply
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In v e r t ro n  and A ssocia ted  Vacuum System
f21)The in v e r t ro n  was o r ig i n a l ly  developed by H o lzb e r le in .  The 
in v e r t ro n  used in  t h i s  experiment has been only s l i g h t l y  m odified . F igure 
3 i s  an i l l u s t r a t i o n  o f  th e  m odified  in v e r t ro n .  The cathode o f  th e  in v e r ­
t ro n  was a n ic k e l  c y l in d e r  about 10 c en t im e te r  long and 1 c en t im e te r  
r a d iu s .  A barium oxide co a tin g  was used to  in c re a s e  the  e le c t r o n  em ission 
from the  s u r fa ce  o f  the  cathode which was h e a te d  w ith  an in d u c tio n  h e a te r .  
The g r id  s t r u c tu r e  was lo c a te d  in s id e  th e  cathode. (Thus, th e  name, in v e r ­
t r o n ,  i s  due to  th e  in v e r te d  n a tu re  o f  the  e le c t r o n  gun from u su a l  ones o f  
c y l in d r i c a l  shape .)  For th e  work re p o r te d  in  t h i s  p ap er ,  only one o f  the  
g r id s  shown in  Fig. 3 was used.
The g r id  s t r u c tu r e  was a tan ta lum  mesh o r  tan ta lum  rods supported  
by th e  c y l in d r i c a l  tan ta lum  su p p o rts .  The main body o f th e  device  was 
machined from s t a i n l e s s  s t e e l .  The l u c i t e  o r  t e f l o n  spacers  (both were 
used) in su red  e l e c t r i c a l  in s u la t io n  o f  th e  g r id  bases  and the  cathode b ase .  
Viton A 0 - r in g s  were used f o r  vacuum s e a l in g  o f  the  p a r t s .  The q u a r tz  
window allowed o p t i c a l  viewing o f the  e x c i t a t i o n  zone. Not shown in  the  
f ig u re  i s  a masonite su pport  epoxied to  the  cathode base f o r  the  main sup­
p o r t  o f  the  dev ice . Also no t shown i s  a doughnut shaped, aluminum d is c  
used to  hold in  p la ce  the  0 - r in g  which s e a le d  the  q u a r tz  envelope to  the  
cathode base .
The o p e ra t io n  o f  the  in v e r t ro n  when th e  e x c i t a t io n  p u lse  i s  ap-
( 22 )p l ie d  to  the  g r id  has been analyzed by R u s s e l l :  The a p p l ic a t io n  of
the  e x c i t a t io n  v o lta g e  i s  no t followed immediately by the  com plete, r a d ia l  
p e n e t r a t io n  o f  th e  e le c t ro n s  in to  the  e x c i t a t i o n  zone. Only a f t e r  a s u f ­
f i c i e n t  ion  d e n s i ty  has b u i l t  up in  th e  m iddle o f  th e  device  to  reduce the
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space charge does the  e le c t r o n  c u rre n t  flow along a  d iam eter  in to  and out 
of  the  c e n t r a l  reg io n . However, w ith  the use o f  a  p re io n iz a t io n  p u ls e ,  
immediate p e n e t r a t io n  o f  th e  e le c t ro n s  can be e f f e c t e d .
The vacuum system, which was Used w ith  th e  in v e r t ro n  fo r  th e  
measurements made in  th e  q u a r tz  t r a n s p a re n t  wavelength re g io n ,  was com­
posed o f  a mercury d i f f u s io n  pump, a mechanical backing  pump, a mercury 
McLeod gauge, an io n iz a t io n  gauge, a thermocouple gauge, a dosing system 
fo r  the  gases ,  and a s so r te d  g la s s  connections and g la s s  v a lv es .  A b a s e  
p re s su re  o f  l e s s  than lO”^ T orr  was a t t a in a b le  w ith  th e  vacuum system.
The leak r a t e  o f  the system , when c losed  o f f  from th e  pumps, was le s s  than  
" 310” T orr  p e r  seven days.
The in v e r t ro n  vacuum system used on the  vacuum u l t r a v i o l e t  s p e c t r o ­
graph d i f f e r e d  from the  p re v io u s ly  desc ribed  one as fo l lo w s . An o i l  d i f ­
fu s ion  pump in s te a d  o f  a mercury d i f f u s io n  pump was used . A palladium  
thim ble f o r  adm itting  hydrogen was connected to  th e  vacuum system. N itrogen  
was adm itted  i n to  the vacuum system from a tank  o f  re s e a rc h  grade gas ob­
ta in e d  from Matheson. The n i t ro g e n  c o n t in u a l ly  flowed through th e  system 
and was adm itted  through c o i l s  cooled to  l iq u id  n i t r o g e n  tem pera tu res .  The 
base p re s su re  a t t a in a b le  was le s s  than 10”^ T orr . With th e  n i t ro g e n  tank  
c losed  o f f ,  the  leak r a t e  was le s s  than 10 ^ Torr p e r  hour.
Monochromators and P h o to m u lt ip l ie r  Tube 
A îj-meter and a ^ -m ete r  J a r r e l  1-Ash monochromators were used f o r  
the  wavelength r e s o lu t io n  o f  th e  v i s i b l e  and n e a r  v i s i b l e  r a d ia t io n .  The 
m eter E bert mounting monochromator was used e x c lu s iv e ly  fo r  th e  r o t a t i o n a l  
s tu d ie s .  Drive mechanisms were a lready  a v a i la b le  o r  were b u i l t  to  allow
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th e  scanning o f  a spectrum.
The vacuum u l t r a v i o l e t  monochromator was designed and b u i l t  by the
f 231U n iv e rs i ty  o f  Oklahoma s t a f f .  Robertson^ d id  the  o r ig in a l  focusing  
o f  the  in s tru m e n t .  A 1200 l in e s  pe r  m i l l im e te r  g ra t in g  was i n s e r t e d  
a f t e r  the  o r ig i n a l  fo cu s in g . The re fo cu sed  in s trum en t had a r e s o lu t io n  
o f  le ss  than  sS between 1100 to  ISOoR. Although th e  ins trum en t was 
capable o f  b e t t e r  focusing  than  was a t t a in e d ,  th e  r e s o lu t io n  was s u f ­
f i c i e n t  fo r  t h i s  experim ent. This vacuum monochromator was o p e ra ted  a t  
a base p re s su re  o f  2 x 10 ^ T orr.
P h o to m u lt ip l ie rs  were used with a l l  the  monochromators to  d e te c t  
the  r a d i a t i o n .  An EMI 9558 tube was used f o r  th e  red  and i n f r a r e d  
s tu d ie s  o f  th e  n i t ro g e n  m olecule. This tube has a Venetian b l i n d  dynode 
chain and consequently  i s  a r e l a t i v e l y  slow tube  (-10 nanoseconds.)
Since th e  l i f e t im e s  which were measured w ith  th e  use o f  t h i s  photomul­
t i p l i e r  tube were g r e a t e r  than 1 microsecond, th e re  was n e g l ig ib le  
e f f e c t  on the  measured l i f e t im e s  due to  the  p h o to m u l t ip l ie r  response
time. An RCA 8575 p h o to m u l t ip l ie r  tube  was used f o r  a l l  the  o th e r  mea­
surem ents. The f a l l  time o f  t h i s  tube  i s  between 1 and 2 nanoseconds. 
The ou tpu t s ig n a l  i s  fed  from the  in s id e  o f  th e  tube to  the  o u ts id e  
connections v i a  a 50 ohms l i n e .  Since th e  p h o to e le c tro n  p u lse s  were 
d e tec te d  by z e r o - le v e l  c ro ss in g  o f  th e  s i g n a l ,  th e  r e s o lu t io n  time of 
the  tube was much le s s  than one nanosecond. Thus, the  time o f  th e  de­
v ice  had n e g l ig ib le  e f f e c t  on the  measured l i f e t im e s  o f  f o r ty  nanosec­
onds o r  g r e a t e r .
A s c i n t i l l a t o r  was used fo r  conversion  o f  th e  vacuum u l t r a v i o l e t  
r a d ia t io n  in to  a wavelength which would pass  through the  face  o f  the
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p h o to m u lt ip l ie r  tube . Both p - te rp h e n y l  and p-qua terpheny l were used 
s u c c e s s fu l ly .  Benzene s o lu t io n s  were sprayed onto th e  vacuum s id e  o f  
a q u a r tz  window. The p - te rp h e n y l  had the  h ig h e r  photon conversion r a t i o .  
A p l a s t i c  s c i n t i l l a t o r  was a lso  used. The tra d e  name was P i l o t  B, manu­
fa c tu re d  by P i l o t  Chemicals, Inc . Although the  conversion  r a t i o  o f  the  
p l a s t i c  s c i n t i l l a t o r  was no t as la rg e  as th e  p - te rp h e n y l ,  the  ease o f  
use made t h i s  s c i n t i l l a t o r  h ig h ly  d e s i r a b le .  The p l a s t i c  s c i n t i l l a t o r  
was machined to  be the  window in  the  vacuum system, thus e l im in a tin g  
the use o f  a q u a r tz  d i s c .  The main advantage o f  the  p l a s t i c  s c i n t i l l a t o r  
was th a t  i t  d id  no t n o t ic e ab ly  ev ap o ra te ,  while  th e  o th e r  s c i n t i l l a t o r s  
la s t e d  only from one to  two d a y s .
E le c t ro n ic  Equipment
To produce th e  e x c i te d  e l e c t r o n i c  le v e l s  o f  th e  m olecu les , a pos­
i t i v e  vo ltag e  was ap p lied  to  the  g r id  o f  the  in v e r t ro n .  The r e s u l t in g  
e le c t ro n  c u rre n t  then e x c i te d  th a  g a s . To measure the  l i f e t im e  o f  an 
e x c i te d  l e v e l ,  the  source o f e x c i t a t io n  must te rm in a te ,  thus  allowing 
the  e x c i te d  le v e l  to  decay w ith  i t s  c h a r a c t e r i s t i c  l i f e t im e .  The t e r ­
m ination of e x c i t a t io n  was e f f e c te d  w ith  two d e v ic e s . One device was a 
te rm ina ted  coax ia l  cable  which a u to m a tica l ly  tu rn s  o f f .  The o th e r  de­
v ice  was a mercury switch used as a shunt across  the  in v e r t ro n  a f t e r  
a p o s i t iv e  vo ltag e  had been app lied . These pu lse  g en e ra t in g  devices are  
de sc r ib ed  below.
The time dependency o f  the  r a d i a t i o n  em itted  from th e  e x c i ted  gas 
was monitored with th re e  devices which a re  ca teg o r ized  by th e se  t i t l e s :  
(T) D irec t  O bservation ; (2) Sampling Scope; and (3) Delayed Coincidence.
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These devices a re  desc r ibed  below in  the  s e c t io n s  t i t l e d ,  D etec tion  and 
Timing Device. Decay co n stan ts  were then  o b ta in ed  from th e  time depend­
en t  i n t e n s i t y  as measured w ith the  d e te c t io n  and tim ing  d ev ices .
Some a u x i l i a ry  e l e c t r o n ic  equipment n ecessa ry  fo r  the l i f e t im e  
measurements re p o r ted  h e re in  are a lso  d esc r ib ed  below.
Pulse Generating Device I^ : Coaxial Cable 
A charged coax ia l cable  was used to  gen era te  the  v o ltag e  p u lse  to  
d r iv e  the  in v e r t ro n .  When a coax ia l  cab le  i s  charged to  a given v o l t ­
age and then  switched across  i t s  c h a r a c t e r i s t i c  impedance, a square 
pu lse  i s  genera ted  o f  amplitude o n e -h a lf  th e  o r ig in a l  charged v a lu e ,  and 
o f  width tw ice the  leng th  o f  the  cable where one fo o t  leng th  i s  taken  
equal to  one nanosecond len g th ,  approxim ately . A gas th y ra t ro n  (2D21) 
was used as the  switch across the  50 ohm cab le .  H e re a f te r ,  t h i s  device 
w i l l  be r e f e r r e d  to  as the  Square Wave G enera to r . (See Appendix) The 
c e n te r  o f  the coax ia l cab le  was connected to  a power supply (0 to  4000 
v o l t s )  v i a  a r e s i s t o r .  This r e s i s t o r  must be connected d i r e c t l y  to  the 
c e n te r  conductor with s h o r t  leads so th e  r e f l e c t e d  wave in  th e  cab le  w i l l  
see e s s e n t i a l l y  an open c i r c u i t .  To ensure  t h i s ,  th e  r e s i s t o r  must be 
much la r g e r  than the  c h a r a c t e r i s t i c  impedance o f  th e  cab le .
The cable was u su a l ly  charged to  between 1500 and 2000 v o l t s .  When 
v o ltag es  o f  t h i s  magnitude were app lied  to  a s e le c te d  2D21, the  r i s e  time 
of conduction o f  the  2D21 was le s s  than one nanosecond; consequently , 
the  r i s e  time o f  the  e x c i t a t io n  vo ltage  a p p lied  to  th e  in v e r t ro n  was le s s  
than one nanosecond. The f a l l  time o f  t h i s  square  wave was determ ined 
by th e  leng th  o f the  cab le ;  t h a t  i s ,  the  w idth o f  the  p u ls e .  Since the
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in v e r t ro n  re q u ire d  a time g r e a t e r  than 100 nanoseconds to  s t a r t  a t  p r e s ­
su res  o f  le s s  than 0.01 T o rr ,  a b a s ic  l im i t a t i o n  o f  c u t - o f f  times was 
encountered  when th e  r e a l  co ax ia l  cable  was used , although even a one 
microsecond wide p u lse  g enera ted  by a r e a l  cab le  showed a c u t - o f f  time 
which was sm all compared to  a 10 nanosecond l i f e t im e .  In o rd e r  to  mea­
su re  l i f e t im e s  which a re  about one nanosecond, a second p u lse  gen era t in g  
device was developed.
Pulse  G enera ting  Device I I  : Mercury Switch 
and Pulse  Forming Network 
Mercury sw itches were observed to  have a very  f a s t  tu rn  on time 
( le s s  than  0 .3  nanoseconds) when app lied  as th e  sw itch  across  the  r e a l  
cab le . S ince the  tu rn  o f f  time o f  th e  p u lse  i s  a l l  im portan t f o r  l i f e ­
time measurements, l i t t l e  was to  be gained by us in g  th e  mercury switch 
as th e  s t a r t  sw itch ; however, a method was developed whereby the  f a s t  
s t a r t  o f  conduction o f the  re la y  was used to  crowbar a p u ls e .  In o rd e r  
to  d e sc r ib e  t h i s  method, a d e s c r ip t io n  o f  th e  Western E l e c t r i c  #218A 
switch w i l l  be g iven .
There a re  f iv e  e x te rn a l  connections to  th e  218A mercury sw itch .
The sw itch ing  arm (pin  5) c lo ses  co n tac ts  1 to  2 and 3 to  4, a l t e r ­
n a te l y ,  w ith a p o s s ib le  frequency range o f  60 to  240 H ertz .  The 
j i t t e r  time o f  the  c lo s in g  o f  p in  1 to  2 was about 100 microseconds a t  
a frequency o f  60 H ertz .  I t  was a c c id e n ta l ly  n o t ic e d  th a t  th e  arm 
always touched p in  1 about 10 microseconds b e fo re  p in  2, w ith  a j i t t e r  
time o f  about 0 .5  microsecond in  the  10 microseconds d e lay .
This observed o p e ra t io n  o f  s t r i k i n g  one p in  b e fo re  the  o th e r  was
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used in  a system to  tak e  advantage o f  the  f a s t  sw itch ing  c a p a b i l i t y  o f  
th e  mercury sw itch . The re la y  was d r iven  from a Variac a t  60 H ertz .  
When th e  sw itch ing  arm touched p in  1, an a d ju s ta b le  delay c i r c u i t  
(Delayed T r ig g er  Generator) was a c t iv a te d  by th e  connection  o f  p in  5 
to  ground v ia  p in  1. The ou tpu t from t h i s  de lay  c i r c u i t  was used to  
t r i g g e r  a 2021 in  a p u lse  forming network. The ou tpu t o f  the  p u ls e  
forming network was a p u lse  8 microseconds wide and 500 to  1000 v o l t s  
am plitude fed in to  about SO ohms. (This c i r c u i t  i s  d e sc r ib ed  more in  
the  Appendix.) A r e s i s t o r  d iv id e r  chain  determ ined the  v o lta g e  which 
was then  ap p lied  across  the  g r id  and cathode of th e  in v e r t ro n .  P in  2 
was connected to  the  g r id  o f  the  in v e r t ro n .  Since th e  cathode was 
connected to  ground, th e  sw itch ing  arm, upon c lo s in g  p in  1 to  2, acted  
as a shunt across the  in v e r t ro n .  Thus, an e x c i t a t io n  p u lse  o f  d u ra t io n  
1 to  8 microseconds could be ap p lied  to  th e  in v e r t ro n  w ith  a measured 
f a l l  time o f le s s  than 0 .3  nanosecond, the  l im i t  o f  the  response  time 
o f a v a i la b le  o s c i l lo sc o p e s .
D etec tion  and Timing Device D irec t  O bservation 
When the e x c i t a t io n  v o ltag e  to  th e  in v e r t ro n  was tu rned  o f f ,  the  
p ro d u c tio n  o f e x c i ted  s t a t e s  by e le c t ro n  bombardment ceased . The 
e x c i te d  s t a t e s  o f  the  gas then began to  decay. Those decaying by 
em ission  o f  a photon could be d e tec ted  w ith  a p h o to m u l t ip l ie r  a t ta ch e d  
to  th e  e x i t  s l i t  o f  a monochromator. The monochromator was, o f  course , 
used to  s ep a ra te  the  em itted  r a d ia t io n  so th a t  a p a r t i c u l a r  e x c i te d  
le v e l  could be observed. A ll o f  the  d e te c t io n  and tim ing  systems u t i ­
l i z e d  a p h o to m u l t ip l ie r  and monochromator. They d i f f e r e d  only in  the
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hand ling  o f  th e  ou tput from the  p h o to m u lt ip l ie r .
With th e  D irec t  O bservation , the  ou tput from the  p h o to m u lt ip l ie r  
was fed  d i r e c t l y  i n to  a Tek tron ix  555 o sc i l lo sc o p e  with a  r e a l  time 
sweep. An o sc il log ram  o f  th e  r e s u l t i n g  s in g le  t r a c e  on the  CRT was made 
f o r  l a t e r  a n a ly s i s .
D e tec tion  and Timing Device I I  : Sampling Scope 
In t h i s  system the  ou tput o f  the  p h o to m u lt ip l ie r  was fed in to  a 
T ektronix  IS l sampling u n i t  and d isp lay ed  on the CRT f o r  photographing. 
The sampling u n i t  had an in t e r n a l  g a te  which opened a t  p re sc r ib e d  i n ­
te r v a l s  a f t e r  a s t a r t  s ig n a l  was re ce iv ed .  While the  ga te  was open, the  
s ig n a l  e n te r in g  th e  u n i t  was sampled. A dot was then d isp layed  upon the  
CRT with the  v e r t i c a l  d isplacem ent o f  the  do t p ro p o r t io n a l  to th e  sampled 
vo ltag e  and th e  h o r iz o n ta l  displacem ent p ro p o r t io n a l  to  the  time between 
the  s t a r t  s ig n a l  and the  opening o f  the  g a te .  Another s t a r t  s ig n a l  began 
th e  o p e ra t io n  over,  w ith the  ga te  opening a t  a p re s c r ib e d  l a t e r  time. 
Thus, by re p e a t in g  the  process over and over,  a fa c s im i le  of th e  e n te r in g  
s ig n a l  was produced on the CRT, i f  the  e n te r in g  s ig n a l  was r e p e t i t i v e .
The r e s o lu t io n  time o f the  sampling u n i t  was 0.3 nanosecond as compared 
to  about 4 nanoseconds maximum w ith  the  r e a l  time o s c i l lo sc o p e s .
In a d d i t io n  to  the b e t t e r  r e s o lu t io n  t im e, th e  sampling u n i t  had 
the  c a p a b i l i ty  o f  improving the  s ig n a l  to  n o ise  r a t i o .  The sampling 
u n i t  s to re d  a v o lta g e  which was p ro p o r t io n a l  to  the  v e r t i c a l  d is p la c e ­
ment o f  the  p re v io u s ly  d isp laced  d o t .  The next v o ltag e  sample was taken 
and compared to  the  s to re d  v o ltag e  to  ob ta in  a d i f f e r e n c e  v o ltag e .  A 
new v o lta g e  was ob ta ined  by d iv id in g  the  d i f f e r e n c e  vo ltag e  by z ( the
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smoothing f a c to r )  and adding to  the  sampled v o l ta g e .  This new vo ltage  
then become the  s to re d  vo ltag e  and was d isp lay ed  as a do t on the  CRT.
C onsidera tion  must be given to  the curve d i s t o r t i o n  when the  
smoothing c o n tro l  i s  used. To m aintain the response  tim e o f  th e  sampling 
u n i t ,  the  dot d e n s i ty  on the  CRT must be in c re ase d  when the  smoothing 
f a c to r  i s  in c reased .  A c r i t e r i a  fo r  d e te rm ina tion  of do t d en s ity  w i l l  
now be developed.
Let g be th e  time between samples. This i s  a param eter r e l a t e d  to
th e  dot d e n s i ty ,  s in ce  th e  dot density  (n) in  u n i t s  o f  do ts  p e r  centime­
t e r  i s  equal to  the  sweep speed (S) in  u n i t s  o f  seconds p e r  cen tim ete rs  
d iv ided  by B ( in  u n i t s  o f  s eco n d s) .
"  " f  (58)
Now assume th a t  a n eg a tiv e  s tep  fu n c tio n  i s  ap p l ie d  to  the  sampling
u n i t  when smoothing i s  being used. The e f f e c t i v e  decay time o f  the  d i s ­
p layed  s ig n a l  w i l l  be longer than the  zero decay time o f  the  s tep  func­
t io n .  Indeed, the  f i r s t  dot a f t e r  the  s te p  w i l l  be in te rm e d ia te  between 
the peak b e fo re  the  s te p  (A) and the bottom o f  the  s te p  (taken to  be 
ze ro ) .  By t h i s  f i r s t  d o t ,  a time B w i l l  have e la p s e d .  At th e  second 
d o t ,  a time 2B w i l l  have e lap sed , and so f o r th .  The amplitude (A^) a t  
the  f i r s t  dot p o s i t io n  can be described  as fo llo w s:
Ai = ( 5 ^ )  A
where z i s  the  smoothing f a c to r .  By the  second d o t ,  the  amplitude (Ag) 
w i l l  be reduced to :
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In g e n e ra l ,
\  -  A = A
The envelope, £ ( t ) , o f  the  do ts  can then  be expressed  in  eq u iv a len t  time.
f ( t )  = A ex p [-(^ )  ln (y ) ]
The new param eter y i s  de f in ed  as fo llow s.
y  = ( r f r )
The minimum e f f e c t iv e  decay co n stan t  (K) i s  now determ ined.
0K = In (y)
The maximum value  o f  z i s  3 fo r  th e  IS l sampling u n i t .  With t h i s  va lu e ,  
K becomes :
K = (2 .5)6
The value o f  K determines the  minimum l i f e t im e  (t ) which should  be mea­
su red  f o r  a given dot d en s i ty  and sweep speed. This a lso  gives th e  c r i ­
t e r i a  f o r  the  necessa ry  dot d e n s i ty .  K should  be l e s s  than o n e - ten th  o f  
T. This then  imposes on 6 th e  v a lu e :
= C ^ )  (t) (59)
Combination o f Eq. (58) and (59) then defines  the  necessa ry  dot d en s ity
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f o r  the  measurement o f  a given l i f e t im e  a t  a given sweep speed, 
n = 25 ( | )
For ease o f  de term in ing  th e  l i f e t im e  from the  o sc il lo g ram , the  f a c to r  S 
d iv ided  by x should  be about 1. Thus, th e  dot d en s i ty  should be main­
ta in e d  a t  more than  25 p e r  cen tim ete r .
D e tec t io n  and Timing Device I I I  : Delayed Coincidence 
The two p re v io u s ly  d esc ribed  d e te c t io n  and tim ing devices measured 
the envelope o f  th e  pho to e lec tro n s  o r ig in a t in g  in  the  p h o to m u lt ip l ie r  
tube as a r e s u l t  o f  the  em itted  photons from th e  e x c i te d  s t a t e s  under 
exam ination. (A complete d e s c r ip t io n  o f  t h i s  smoothing o f  d i s c r e te  
events  i s  g iven by H o l z b e r l e i n . S i n c e  th e  decay o f e x c i ted  s t a t e s  
i s  a d i s c r e te  occurence, a measuring system which u t i l i z e s  th i s  f a c t  
might be capable o f  measuring weaker l i g h t  l e v e l s .  Such was found to  
be th e  case . The delayed coincidence system , which opera tes  on s in g le  
p h o to e lec tro n  s ig n a l s  from the p h o to m u l t ip l ie r ,  was found to  be capable 
o f  d e te c t in g  lower l i g h t  lev e ls  as w ell as measuring l i f e t im e s  of s h o r t e r  
d u ra tion  than the  o th e r  two systems. At the  same tim e, when l i g h t  le v e l s  
are  la rg e  enough and l i f e t im e s  long enough, the  o th e r  two systems have 
c e r ta in  advantages. C r i t e r i a  f o r  determ ining  which system to  use f o r  a 
p a r t i c u l a r  case  w i l l  be d iscussed  in  more d e t a i l  l a t e r .
The o p e ra t io n  o f  the  delayed co incidence  system depended upon the  
measurement o f  the  time between the  occurence o f  two even ts : th e  ce s sa ­
t io n  o f e le c t r o n  e x c i t a t io n  in  the  in v e r t ro n  and the  p roduc tion  o f  a 
p h o to e lec tro n  in  the  p h o to m u l t ip l ie r  tube . This measurement was p e r ­
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formed w ith  a time to  p u lse  h e ig h t  c o n v er te r  (O rtec  model 437) and a 
p u lse  h e ig h t  ana lyzer .  A s t a r t  s ig n a l  f o r  the  time to  p u lse  h e ig h t  con­
v e r t e r  (TPHC) was derived  by the d i f f e r e n t i a t i o n  o f  a sm all p o r t io n  of  
th e  ap p l ie d  v o ltag e  to  th e  in v e r t ro n .  A s i n g l e ,  am p lif ied  ph o to e lec tro n  
s ig n a l  from a p h o to m u l t ip l ie r  tube was used to  g en era te  th e  s to p  s ig n a l  
fo r  the  TPHC. A gate  was app lied  to  the TPHC in  th e  coincidence mode 
to  assu re  t h a t  a s t a r t  s ig n a l  could a c t i v a t e  th e  TPHC only during the  
Cutoff time o f the  e x c i t a t io n  vo ltage  a p p lied  to  th e  in v e r t ro n .
A b r i e f  d iscu ss io n  of the  c i r c u i t s  used to  develop the  s t a r t  p u ls e ,  
the  s to p  pu lse  and the  ga te  p u lse  w i l l  now be p re se n te d .  A d e ta i l e d  
d e s c r ip t io n  o f  the  c i r c u i t s  i s  given in  the  Appendix.
The s t a r t  pu lse  f o r  the  TPHC was ob ta ined  w ith  a  simple d i f f e r e n t i a ­
t io n  o f  th e  in v e r t ro n  s ig n a l .  Upon d i f f e r e n t i a t i o n  o f  t h i s  s ig n a l ,  a 
p o s i t iv e  and a n ega tive  pu lse  were ob ta ined . The n eg a tiv e  p u ls e ,  which 
co incided  with the  c e s sa t io n  o f  the  in v e r t ro n  e x c i t a t i o n ,  was used as 
the s t a r t  pu lse  to  th e  TPHC. The width o f  th e  p u lse  was approximately 
equal to  the  product o f  capac itance  and the  t o t a l  r e s i s t a n c e  in  th e  
c i r c u i t .  This value was kept a t  about 0 .1 nanosecond.
The s top  pu lse  was ob ta ined  w ith two te ch n iq u es .  One technique 
u t i l i z e d  an Ortec Time P ick o ff  Control (TPC) and an O rtec  Photom ulti­
p l i e r  Timing D iscr im ina to r and P re a m p lif ie r  (PTDP). The TPC c o n t ro l le d  
the b ia s  le v e l  o f  the  PTDP, which c o n tro l le d  th e  minimum necessa ry  pu lse  
s ig n a l  from the p h o to m u lt ip l ie r  re q u ire d  to  t r i g g e r  th e  PTDP. The pu lse  
from th e  p h o to m u lt ip l ie r  ( the  p h o to m u lt ip l ie r  p u lse  has approximately a 
gaussian  shape) was d i f f e r e n t i a t e d  by the  PTDP. The zero c ro ss in g  p o in t  
of t h i s  d i f f e r e n t i a t e d  s ig n a l  was used as th e  t im ing  re fe re n c e .  Although
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th e  p u lse  w idth and h e ig h t from the  p h o to m u ltip lie r  f lu c tu a te s  co n sid ­
e ra b ly , th e  j i t t e r  in  th e  zero  c ro ss in g  p o in t i s  le s s  than 100 p ic o ­
seconds as re fe re n ce d  to  th e  tim e o f p ro d u c tio n  o f  a p h o to e le c tro n .
The o u tp u t from th e  PTDP was a n e g a tiv e -g o in g  lo g ic  p u ls e ; i e , a 
n e g a tiv e  p u lse  o f  c o n s ta n t h e ig h t and shape. This p u lse  was then  ap p lie d  
to  th e  TPHC v ia  a te rm in a ted  50 ohm cab le .
The envelope o f th e  p h o to m u ltip lie r  o u tp u t, as was used in  D etec­
t io n  and Timing Device I and I I  w ith  h igh  in te n s i ty  l ig h t  l e v e l s ,  has a
f 181minimum re s o lu t io n  tim e equal to  th e  f a l l  tim e o f a p h o to e le c tro n  p u ls e .
For p h o to m u ltip lie r  tu b e s , th e  f a l l  tim es range from about two to  10 
nanoseconds, which i s  about th e  minimum tim e re s o lu t io n  ach iev ab le  when 
th e  l ig h t  envelope i s  u sed . However, th e  minimum tim e r e s o lu t io n  o f the  
delayed  co incidence  system  i s  l im ite d  by th e  j i t t e r  tim e o f th e  zero 
c ro s s in g  p o in t .  For t h i s  reason  th e  delayed  co incidence  system  has the  
c a p a b i l i ty  o f  m easuring s h o r te r  l i f e t im e s .  In a d d it io n , s in c e  i t  o p e ra tes  
on a s in g le  p h o to e le c tro n  p u ls e , i t  i s  in h e re n tly  more s e n s i t iv e  th an  th e  
o th e r  two te c h n iq u e s .
The second dev ice  used to  o b ta in  th e  s to p  p u lse  was a Logic P u lse  
G enerato r [LPG]. A tu n n e l diode was b ia se d  below i t s  t r a n s i t io n  p o in t .
See Appendix fo r  a more com plete d is c u s s io n .)  The ou tpu t p u lse  from th e  
p h o to m u ltip lie r  which had r e s u l te d  from a s in g le  p h o to e le c tro n  was used 
to  t r i g g e r  the  tu n n e l diode to  i t s  t r a n s i t i o n  p o in t .  The r e s u l t a n t  t r a n s ­
i t i o n  cy cle  o f th e  tu n n e l diode produced a lo g ic  p u lse  which in  tu rn  was 
ap p lied  as a s to p  p u lse  to  th e  TPHC. The minimum re s o lu t io n  tim e o f th i s  
type c i r c u i t  i s  le s s  than  th e  r i s e  tim e o f th e  p h o to m u ltip lie r  p u lse  
which in  tu rn  i s  le s s  than  th e  f a l l  tim e o f  a p h o to m u ltip lie r  p u ls e .
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Thus the  minimum re s o lu t io n  tim e , though p robab ly  no t as good as th a t  
o b ta in ed  from a zero  le v e l c ro ss in g  c i r c u i t ,  i s  f a r  s u p e r io r  to  th e  enve­
lope re s o lu t io n  tim e.
A s in g le -p h o to e le c tro n  d e te c tio n  system  has an a d d it io n a l advan­
tage  over th e  envelope type d e te c tio n  system . Noise which o r ig in a te s  
from any elem ent in  th e  p h o to m u ltip lie r  can be d isc r im in a te d  a g a in s t 
by ad justm ent o f  th e  b ia s  le v e l .  Thus, th e  s ig n a l  to  n o ise  r a t i o  i s  
im proved.
The g a te  a p p lie d  to  th e  TPHC was gen era ted  w ith  a Gate Pulse Gen­
e ra to r  (GPG). The GPG was t r ig g e re d  e i th e r  by th e  Delayed T riggered  
G enerator o r th e  Timer. (For a d iscu ss io n  o f th e  GPG, DTG and Tim er, 
see  th e  Appendix.) By a p p ro p ria te  ad justm ent o f th e  tim ing  sequences, 
the  ou tpu t o f  th e  GPG was b rought in to  co incidence  w ith  th e  s to p  p u lse  
d erived  from th e  T rig g e r D if f e r e n t ia to r .  The c r i t i c a l  requ irem en t was 
to  a ssu re  th a t  the  g a te  d id  n o t co in c id e  w ith  th e  i n i t i a t i o n  o f the 
e x c ia tio n  p u lse  to  th e  in v e r tro n , s in ce  th e re  was u su a lly  a n e g a tiv e  
component o f th e  d i f f e r e n t ia te d  s ig n a l  a t  t h i s  p o in t.
A p e c u l i a r i ty  o f  th e  TPHC w il l  now be d e sc rib e d . The s p e c i f ic a ­
tio n s  o f th e  O rtec  TPHC claim ed th a t  no n e g a tiv e  p u lse  could  t r i g g e r  
th e  c i r c u i t  when opera ted  in  th e  co incidence  mode except during  the  tim e 
th a t  a g a te  was ap p lied  to  th e  g a te  in p u t. This i s  c o r re c t  u n le ss  the  
n eg a tiv e  p u lse  i s  im m ediately preceded  by a p o s i t iv e  p u ls e . When a 
la rg e  p o s i t iv e  p u lse  precedes a n eg a tiv e  p u ls e , th e  TPHC can be a c t i ­
va ted  even i f  a ga te  i s  no t ap p lied  in  the  co incidence  mode. In  
applying th e  d i f f e r e n t ia te d  s ig n a l  o f  th e  in v e r tro n  e x c i ta t io n  p u ls e , 
extreme ca re  must be taken  to  assu re  th a t  th i s  does no t occur. The only
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way th a t  was found to  minimize th i s  d i f f i c u l t y  was to  suppress th e  pos­
i t i v e  p u lse  as much as p o s s ib le  by s e t t in g  th e  am plitude o f  th e  d i f f e r e n ­
t i a t e d  s ig n a l  a t  a le v e l where the  n e g a tiv e  p u lse  c o in c id in g  w ith the  
c e s sa tio n  o f  th e  in v e r tro n  s ig n a l was b a re ly  o f s u f f ic ie n t  am plitude 
(approx im ate ly  0 ,25 v o lts )  to  t r ig g e r  th e  s t a r t  o f th e  TPHC. S ince th is  
am plitude i s  dependent on th e  s iz e  and shape o f  th e  in v e r tro n  e x c i ta t io n  
p u ls e , th e  ad justm ent o f the  T rig g er D if f e r e n t ia to r  must be made each 
tim e th e  TPHC i s  to  be used.
The ou tp u t o f  th e  TPHC was a p u lse  o f am plitude p ro p o r tio n a l to  the  
tim e between th e  ap p lied  s t a r t  and s to p  s ig n a ls .  This p u lse  was fed  to  
a Pulse H eight A nalyzer (PHA). Each p u lse  was then  reco rded  as a s in g le  
event in  a channel o f  the  PHA determ ined by th e  h e ig h t o f th e  p u lse  from 
the  TPHC. By many r e p e t i t io n s  o f  th e  above d esc rib ed  sequence, a s ig n a l 
was accum ulated in  th e  PHA. This s ig n a l  decayed w ith  an ex p o n en tia l 
f a c to r  id e n t ic a l  to  the  exponen tia l f a c to r  o f decay o f  th e  envelope o f  
th e  many-photon s ig n a l em itted  a f t e r  a s in g le  e x c i ta t io n  p u lse  to  the  
in v e r tro n  observed fo r  h igh  ra d ia t io n  le v e ls .  The two ex p o n en tia l fa c ­
to r s  are  th e  same because th is  decay c o n stan t d e sc rib e s  th e  p ro b a b i l i ty  
th a t  a c e r ta in  f r a c t io n  o f e x c ited  atoms w i l l  decay in  a tim e in te r v a l  
between t  and t  + d t as w ell as the  p r o b a b i l i ty  th a t  a given atom w il l  
decay in  a tim e in te rv a l  between t  and t  + d t .
A m o d if ica tio n  to  the  above s ta tem en t must be made. I f  a second 
p h o to e le c tro n  had o r ig in a te d  in  th e  p h o to m u ltip lie r  tube a f t e r  a s in g le  
e x c i ta t io n  to  th e  in v e r tro n , th i s  second s to p  p u lse  would no t have re g ­
i s t e r e d  in  th e  TPHC. Thus, i t  would n o t have been measured. T h is , 
th en , re p re se n te d  a d is to r t io n  to  th e  d e s ire d  ex p o n en tia l decay. Quan­
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t i t a t i v e l y ,  i t  was obvious th a t  th i s  d is to r t io n  would be g r e a te s t  when 
th e  average number o f  p h o to e le c tro n s  was the  l a r g e s t .  The th e o r e t ic a l  
d i s to r t io n  o f th e  decay curve due to  m u ltip le  p h o to e le c tro n  occurence 
was d e riv ed  in  C hapter I I .  F igure 1 d isp la y s  t h i s  d is to r te d  curve fo r  
two va lu es  o f M (1 .0  and 0 .3 ) .  For M equal to  0 .1 ,  the  d if fe re n c e  
between the  d is to r te d  curve and th e  u n d is to r te d  curve could n o t be d is ­
cerned in  the  f ig u re . With a f in e  p e n c i l ,  th e o r e t ic a l  values o f the  
d is to r te d  curve were p lo t te d  fo r  two va lues o f M and were then  f i t  w ith  
a s t r a ig h t  l in e .  The r e s u l t in g  measured decay co n stan ts  were 0.973 t ,  
0.983 T, and 0.997 t  f o r  v a lu e  o f M equal to  0 .1 2 , 0 .1 0 , and 0 .0 6 , r e ­
s p e c tiv e ly . (t i s  th e  l i f e t im e  used to  determ ine th e  th e o r e t ic a l  values 
o f th e  decay cu rv e .) C o rrec tio n  curves were p lo t te d  fo r  th e  d a ta  p re ­
sen ted  in  Chapter IV. A ll c o rre c tio n s  made to  th e  measured l if e t im e s  
were le s s  than  2%.
To m onitor the  average number of p u lse s  from the TPHC produced by 
th e  p h o to e lec tro n  p u ls e s ,  a C lassm aster Rate M eter (RM) (Model 1613A) 
was m odified  f o r  u se . A Rate M eter A m p lifie r (RMA) was used to  produce 
uniform  pu lses  to  d riv e  th e  RM. The RMA is  n ecessa ry  s in ce  th e  output 
p u lse s  from the TPHC a re  o f d i f f e r e n t  am p litu d es. The RMA was tr ig g e re d  
by s ig n a ls  o f about 400 m i l l i v o l t s .  Thus, when th e  TPHC ou tpu t was s e t  
a t  th e  maximum value  o f 10 v o l t s ,  only p u lse s  which would occur in  th e  
f i r s t  4% o f th e  channels in  the  PHA would f a i l  to  be r e g is te r e d  by the 
RM.
Combination E le c tro n ic  Systems
The sep a ra te  system s d esc rib ed  above were combined w ith  each o th e r
46
in  v a rio u s  manners. The com bination system s a re  ca te g o riz e d  as fo llo w s:
Combination System I :  D irec t View and C oaxial Cable
Combination System I I :  D irec t View w ith  Mercury Switch and 
P u lse  Forming Network
Combination System I I I :  Sampling Scope and C oaxial Cable
Combination System IV: Sampling Scope w ith  Mercury Switch and 
P u lse  Forming Network
Combination System V: Delayed C oincidence and Coaxial Cable
Combination System VI: Delayed C oincidence w ith  Mercury Switch 
and Pu lse  Forming Network
Block diagrams o f Combination System I and I I I ,  I I  and IV, V, and VI a re
g iven  in  F igures 4 , 5 , 6 , and 7.
Combination Systems I and I I  a re  s e l f  ex p lan a to ry . The s e p a ra te  
components are d iscu ssed  in  Pulse G enerating  D evice: I and II  and D etec­
t io n  and Timing D evice: I .  The T rig g e r D i f f e r e n t ia to r  was used to  s t a r t  
th e  sweep c i r c u i t s  o f th e  o sc il lo sc o p e . Combination System I I  was used 
in s te a d  o f Combination System I when lo n g er e x c i ta t io n  tim es were needed.
Combination Systems I I I  and IV were used  in  p lace  o f I and I I  when 
one o f two co n d itio n s  n e c e s s i ta te d  t h e i r  u se : (1) th e  s ig n a l  from the 
p h o to m u ltip lie r  tube was too  no isy  to  o b ta in  a good measurement o r ; (2) 
th e  l i f e t im e s  to  be m easured were too  f a s t  f o r  th e  response o f th e  d i r e c t  
d isp la y  o s c il lo sc o p e  am plify ing  c i r c u i t s .  Care must be taken  when Com­
b in a tio n  System IV is  used due to  the  j i t t e r  in  th e  p u lse  w idth o f the  
crow barred e x c i ta t io n  p u ls e . S ince th e  sam pling scope re q u ire s  th e  s ig ­
n a l to  be r e p e t i t iv e  excep t fo r  the  n o ise  which i s  to  be e lim in a te d , the  
s ig n a l  from th e  p h o to m u ltip lie r  must be examined. This can be done by 
in te g ra t in g  th e  ou tp u t from the  p h o to m u ltip lie r  to  e lim in a te  j u s t  th e
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Figure 4. Combination System I or III: Direct View or Sampling Scope and Coaxial Cable.
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Figure 5. Combination System II or IV: Direct View or Sampling Scope with Mercury Switch.
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Figure 6. Combination System V: Delayed Coincidence and Coaxial Cable.
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Figure 7. Combination System VI: Delayed Coincidence with Mercury Switch.
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n o ise  and apply ing  th e  s ig n a l  to  a r e g u la r  o sc il lo sc o p e . The s ig n a l  w il l  
be d i s to r te d ,  b u t th is  i s  o f no concern. What i s  o f i n t e r e s t  i s  the  u n i­
fo rm ity  o f the  re p e a tin g  s ig n a ls .  Any observab le  n on -un ifo rm ity  w i l l  
d i s t o r t  th e  decay c o n s tan t measured from th e  sam pling scope o sc illo g ra m . 
U niform ity  o f th e  s ig n a l must a lso  be m ain ta ined  when Complete System I I I  
i s  u sed , b u t th is  was u su a lly  no problem s in c e  the  e x c i ta t io n  p u lse  can 
be e a s i ly  m ain tained  co n stan t in  h e ig h t and w idth .
Complete System V (F igure  6) was th e  com bination o f the  Delayed 
C oincidence System and th e  re a l  cab le  which have been p re v io u s ly  d esc rib ed  
The Timer was used to  i n i t i a t e  th e  Square Wave G enerato r (SWG) and th e  
Gate P u lse  G enerator (GPG). A p o rtio n  o f th e  s ig n a l from th e  SWG was 
used in  th e  T rig g er D if f e r e n t ia to r ,  as p re v io u s ly  d e sc rib e d , to  s t a r t  the  
Time to  Pulse Height C onverter. The GPG ap p lie d  a ga te  to  th e  TPHC in  
the  co incidence mode. The stop  p u lse  was d e riv ed  from e i th e r  th e  O rtec 
equipment o r th e  Logic P u lse  G enerato r. The Rate M eter A m p lifie r was 
connected to  the  100 ohms impedance o u tp u t o f  the  TPHC. The o th e r  ou tput 
o f  th e  TPHC (impedance 1 ohm) was ap p lied  to  the  PHA v ia  te rm in a ted  
c o ax ia l c ab le . An o sc illo sc o p e  connected to  the  PHA was used f o r  con­
tin u o u s m onitoring o f the  accumulated s ig n a l  as w ell as fo r  th e  ta k in g  
o f  th e  f in a l  o sc illo g ram . A p r in t e r  was a lso  used to  o b ta in  th e  d ig i t a l  
in fo rm atio n  from the  PHA when d e s ire d .
A u x ilia ry  Pulse G enerating Device : P re io n iz a tio n
A p re io n iz a t io n  p u lse  i s  d e s ira b le  fo r  two reaso n s . F i r s t ,  the  
p re io n iz a t io n  o f th e  gas allow s the  e le c tro n s  o f the  e x c i ta t io n  p u lse  
to  p e n e tra te  in to  th e  c e n tra l  reg ion  o f  th e  in v e rtro n  a t  below o r n e a r  
io n iz a t io n  e n e rg ie s . In  o th e r words, th e  e x c i ta t io n  p u lse  does n o t have
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to  produce th e  io n iz a t io n .  ITie second reason  i s  to  c o n tro l th e  e x c i ta ­
t io n  tim e. S ho rt e x c i ta t io n  tim es p r e f e r e n t i a l ly  e x c ite  th e  d e s ire d  
le v e l more than  lo n g er l iv e d  le v e ls  which m ight cascade in to  th e  d e s ire d  
le v e l .
The p re io n iz a t io n  p u lse  was o b ta in ed  from e s s e n t i a l ly  th e  same 
c i r c u i t  as th e  one used w ith  Pulse G enerating  Device I I .  The only  d i f ­
fe ren ce  was in  th e  method o f connecting  th e  p u lse  to  th e  in v e r tro n . The 
p re io n iz a t io n  p u lse  was p h y s ic a lly  connected in to  th e  e x c i ta t io n  p u lse
c h a s s is  by a th re e  inch co ax ia l connec to r. Under o p e ra tio n , th e  v o ltag e
developing r e s i s t o r  o f  th e  e x c i ta t io n  p u lse  was a lso  used  as th e  v o ltag e
developing r e s i s t o r  o f  th e  io n iz a tio n  p u ls e .
The sequence and r a te  o f  a c t iv a t io n  o f th e  p re io n iz a t io n  and e x c i ta ­
t io n  pu lses  was determ ined  by the  Timer. The a c tu a l  d e lay  tim e between 
th e  p re io n iz a t io n  p u lse  and the e x c i ta t io n  p u lse  was chosen by observ ing  
th e  l ig h t  o u tp u t. The delay  was c o n tin u a lly  in c re a se d  u n t i l  th e  e x c i ta ­
t io n  p u lse  would only b a re ly  p e n e tra te  in to  th e  e x c i ta t io n  reg io n  o f  the  
in v e r tro n . The delay  was then  s l ig h t ly  d ecreased  to  allow  s ta b le  opera­
tio n  b u t s t i l l  m inimize th e  in te r a c t io n  o f  the  p re io n iz a t io n  p u lse  w ith 
th e  e x c i ta t io n  p u ls e .
Timing C a lib ra tio n  o f  the  D e tec tio n  and Timing Devices
The D etec tio n  and Timing Devices I and I I  were c a l ib r a te d  w ith  a 
S tandard  S ig n a l G en era to r, Model 80, Measurement C o rp o ra tio n . The s ig n a l  
g en e ra to r had been c a l ib r a te d  by th e  use o f  a H ew lett Packard Counter 
which was c a l ib ra te d  a g a in s t s p e c ia l  b ro a d c as t f re q u e n c ie s . The s ig n a l 
g e n e ra to r  was found to  d r i f t  an in s ig n i f ic a n t  amount. By app ly ing  the
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o u tp u t o f  the  s ig n a l g e n e ra to r  to  th e  in p u t o f  th e  o s c il lo sc o p e , a  d isp la y  
o f  th e  o s c i l l a t i n g  s ig n a l  was o b ta in ed  on th e  CRT. For a given sweep 
sp eed , th e  frequency g e n e ra to r  was ad ju sted  so th a t  a t  l e a s t  f iv e  com plete 
o s c i l l a t i o n s  p e r  c e n tim e te r  appeared on th e  CRT. A count o f  the  number 
o f  o s c i l la t io n s  th a t  o ccu rred  in  te n  cen tim e te rs  th en  allow ed th e  c a lc u ­
la t io n  o f th e  sweep speed . The e r r o r  was thus k ep t to  le s s  than 2%, 
s in c e  th e  measurement was good to  a f r a c t io n  o f an o s c i l l a t i o n  out o f 
50 o s c i l l a t i o n s .  E rro r  o f  th e  c a l ib ra t io n  o f th e  s ig n a l  g e n e ra to r  was 
c e r ta in ly  le s s  than  one p a r t  in  a thousand.
D etec tion  and Timing Device I I I  re q u ire d  a d i f f e r e n t  techn ique  fo r  
c a l ib r a t io n .  Measured tim e leng ths o f c o ax ia l cab les  were used. The 
c o a x ia l cab les were m easured by applying th e  o u tp u t s ig n a l  from th e  
S tandard  S igna l G enera to r to  one o f th e  co ax ia l cab le s  to  be measured 
and to  th e  in p u t o f  th e  454 T ek tron ix  o s c i l lo s c o p e , s im u ltan eo u sly . The 
o th e r  end o f the  co ax ia l cab le  was connected to  th e  o th e r  in p u t o f  the  
o s c il lo sc o p e . Adjustm ent was made on th e  o s c il lo sc o p e  so  th a t  th e  two 
in p u t channels would add to g e th e r  to  be d isp la y ed  onthe CRT. Mathemat­
i c a l l y ,  th e  com bination o f  th e  s in e  waves i s  d e sc rib e d  as fo llo w s.
s in  wt + s in  w ( t  + d) = 2 s in  w ( t  + y) c o s ( ^ )
w i s  th e  frequency o f o s c i l l a t i o n  from the s ig n a l  g e n e ra to r  and d i s  th e  
d e lay  tim e in tro d u ced  by th e  c o ax ia l cab le . To determ ine th e  tim e len g th  
o f  th e  c ab le , th e  frequency  o f  the  s ig n a l g e n e ra to r  was a d ju s ted  to  p ro ­
duce a minimum am plitude o f th e  s ig n a l on th e  CRT. The minimum occurs 
when:
cos = 0  
o r = (n + 1/2) TT
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The frequency necessa ry  to  produce a minimum was determ ined f o r  two ad­
ja c e n t v a lu e s . Thus:
(Wi  -  Wg) Y  = -  H g ) "  = ÎT
where w  ^ and w  ^ a re  th e  a d jacen t freq u e n c ie s . Thus:
. _ 2tt _ 1
(W -^Wg) " ( f^ -fg )
f  i s  th e  frequency o f o s c i l la t io n s  in  u n its  o f  H ertz .
For convenience, the  cab les used f o r  th e se  c a l ib ra t io n s  were 
d iv id ed  in to  two groups. One group (Group I) was composed o f  th re e  leng ths 
o f cab le  o f  th e  approxim ate s iz e  o f  RG 59/U. The cab le  was a c tu a lly  t r i ­
a x ia l  cab le  b u t th e  o u te r  conductor was n o t used. The o th e r  group (Group 
I I )  was composed o f  th e  cab les used to  g en era te  th e  e x c i ta t io n  p u lse s .
For tim ing  c a l ib r a t io n ,  the  two groups were n o t mixed w ith  each o th e r . The 
r e s u l t s  o f  m easuring the  leng ths o f cable a re  g iven in  Table 2.
The th re e  leng ths o f  co ax ia l cab le  in  Group I were used to  c a l i ­
b ra te  th e  Time to  P u lse  Height C onverter (TPHC) and th e  Pulse H eight Ana­
ly z e r  (PHA). A t r i g g e r  s ig n a l was ap p lied  to  th e  s t a r t  in p u t o f  the  TPHC 
and one o f  th e  measured co ax ia l cab les  s im u ltan eo u sly . The o th e r  end o f  
th e  co ax ia l cab le  was connected to  the  s to p  in p u t o f  the  TPHC. Thus, a 
known d e lay  tim e between th e  s t a r t  and th e  s top  p u lse  occu rred . The o u t­
pu t o f th e  TPHC was connected to  th e  PHA, and a number o f  counts were ob­
ta in e d  in  th e  PHA. The o th e r  tim ed co ax ia l cab les  were used in  the same 
way. Counts were thus accum ulated in  th re e  channels . The known tim es and 
the known channel numbers then  allow ed th e  c a lc u la t io n  o f th e  e q u iv a len t 
tim e p e r  channel.
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T able 2. Time Lengths o f  C oaxial Cable Used 
f o r  Timing C a lib ra tio n
Cable
Group I
Length
Short 27.85±0.2 nanoseconds
Medium 44.00±0.2 nanoseconds
Long 88.20±0.8 nanoseconds
Group I I
Cable Length
A 63.2±1.2  nanoseconds
B + E 256.5±4.0 nanoseconds
D 46.5±1.0  nanoseconds
A + D 90.9±1.0  nanoseconds
E x tra  Long 380.4±2.8 nanoseconds
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The l in e a r i t y  o f  th e  TPHC was t e s t e d ,  a lso . To do t h i s ,  the  
co ax ia l cab les were connected in  v a rio u s  com binations to  th e  TPHC to  
o b ta in  as many p o in ts  as p o s s ib le .  A p lo t  o f  the  p u lse  am plitude ou t o f  
th e  TPHC v e rsu s  the  tim e between th e  s t a r t  and s to p  p u lses  then  determ ined 
i f  th e  TPHC was l in e a r .  I f  th e  p o in ts  were on a s t r a ig h t  l i n e ,  the TPHC 
was l in e a r .  The 100, 200 and 400 nanosecond range s e t t in g s  were found to  
be l in e a r .  The 50 nanosecond range s c a le  was found to  be n o n - lin e a r  and, 
co n seq u en tly , was no t used to  measure l i f e t im e s .
Techniques fo r  O b ta in ing  Decay C onstan ts
The decay co n stan ts  o f th e  examined le v e ls  were e x tra c te d  from 
th e  d a ta  two ways. One way was used e x c lu s iv e ly  w ith  th e  d i g i t a l  d a ta  
o u tp u t from th e  PHA. This was to  graph th e  d ig i t a l  p r in t e r  in fo rm atio n  
on sem ilog  p ap e r. An ex p o n en tia l curve forms a s t r a ig h t  l in e  when p lo t te d  
on sem ilog  p a p e r . By drawing a s t r a ig h t  l in e  through th e  p lo t te d  d a ta , 
th e  decay co n stan t was o b ta in ed  from th e  s lo p e  o f th e  curve.
One o th e r  techn ique was used to  o b ta in  the  decay c o n s ta n t. This 
tech n iq u e  u t i l i z e d  a Comparator and an E xponentia l Function  S y n th e s iz e r  
(EPS), which was designed s p e c i f i c a l ly  f o r  th e  a n a ly s is  o f  th e  d a ta  ob­
ta in e d  from th e  in v e r tro n . (A d e s c r ip t io n  o f th e  c i r c u i t  o f th e  EPS ap­
pears  in  A ppendix.) The EPS was capab le  o f  producing th re e  exponent­
i a l l y  decaying s ig n a ls  w ith  v a r ia b le  decay c o n s ta n ts . In  a d d itio n , the  
am plitudes o f  th e  th re e  s ig n a ls  could  be independen tly  a d ju s te d .
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The EFS was used in  th e  fo llow ing  manner. F i r s t  a p ic tu re  was 
taken  o f  th e  d isp lay ed  in fo rm atio n  on the  CRT. This in fo rm atio n  re p re ­
sen te d  th e  s ig n a l o b ta in ed  d i r e c t ly  from the  p h o to m u ltip lie r  o u tp u t, the  
sam pling scope d isp la y  o r th e  d isp la y  o f  the  number o f  th e  counts p e r 
channel from the  PHA. The o sc illo g ram  was then p laced  in  th e  Comparator. 
The com parator con ta ined  a b e a m -sp li t t in g  m irro r  which allow ed the  ob­
s e rv e r  to  focus h is  eyes on th e  o sc illo g ram  and th e  face  o f  an o s c i l lo ­
scope (T ek tron ix  545) s im u ltan eo u sly . The o u tp u t from th e  EFS was then 
a p p lie d  to  th e  viewed o s c il lo sc o p e . By p ro p er ad justm ent o f  th e  EFS 
o u tp u t, the  s ig n a l on th e  o sc illo g ram  and the  s ig n a l d isp la y ed  on the  CRT 
re s u l t in g  from th e  EFS cou ld  be b rought in to  co in c id en ce . The c a l ib ra te d  
d ia ls  on th e  EFS th en  su p p lie d  the  am plitude and tim e co n s ta n t o f  the  
r a d ia t io n  decay from the  e x c ite d  atoms as reco rded  on th e  o sc illo g ram .
The tim e co n s tan ts  as o b ta in ed  above were in  u n i ts  o f c e n tim e te rs . To 
tran sfo rm  in to  u n i t  o f  tim e , th e  sweep speed (in  u n i ts  o f  seconds p e r  
c en tim e te r) o f  th e  o s c il lo sc o p e  used to  make th e  o sc illo g ram s was m u lti­
p l ie d  by th e  tim e c o n s ta n t o b ta in ed  from the EFS. T his th en  gave the  
l i f e t im e  o f  th e  observed le v e l  o f  the  atom as w e ll as th e  le v e ls  which 
cascade in to  the  observed le v e l .  When th e  tim e c o n s tan ts  o f  th e  various 
e x p o n en tia l decays o f  a s in g le  o sc illog ram  d if f e r e d  by a f a c to r  o f  two 
o r more, they  could  be reaso n ab ly  w ell sep a ra te d  i f  no more than  th re e  
decay co n stan ts  were p re s e n t .  For d if fe re n c e s  o f f a c to rs  o f  le s s  than 
two, th e  c o rre c tn e ss  o f  th e  r e s u l t s  became d o u b tfu l.
CHAPTER IV
RESULTS OF MEASUREMENTS 
Helium
As an o v e ra ll  t e s t  o f  th e  Combination System V, a few le v e ls  o f  
helium  were measured fo r  comparison w ith  o th e r  measurements and w ith  
th e o ry . The d a ta  was obtained  a t  low p re s su re s  ( le s s  than 0.05 T orr) 
fo r  le v e ls  w ith  l i f e t im e s  sh o rt enough to  n o t be ap p rec iab ly  a f fe c te d  
by c o l l i s io n a l  depopu la tion . Table 3 ta b u la te s  the r e s u l t s  o f  th i s  work. 
A lso ta b u la te d  in  the  ta b le  are r e s u l t s  o b ta in ed  by o th e r measurements 
and by th eo ry . The r e s u l t s  o f th i s  work fo r  helium  agree w ell enough 
w ith  p re v io u s ly  ob ta ined  values to  j u s t i f y  th e  use o f  the  o v e ra ll  
system .
B% S ta te  o f  N„ 
g____________ 2
The l if e tim e s  o f  s ix  v ib ra t io n a l  le v e ls  o f th e  e le c t r o n ic  
s t a t e  were measured a t  various values o f  gas p re s su re . This s t a t e  de­
cays by spontaneous em ission to  the  A^Z* s t a t e  to  produce the  f i r s t  p o s i­
t iv e  band system , which is  very prom inent in  the  n itro g e n  a fte rg lo w  and 
th e  au ro ra . In F ig . 8, th ese  le v e ls  a re  d isp lay ed  in  an energy le v e l 
diagram . The w avelengths chosen to  m onitor th e  r a d ia t io n  decay o f the
v ib ra t io n a l  le v e ls  a re  given in  Table 4. L is ted  under B^H and A^Z* a reg u
th e  v ib ra t io n a l  quantum numbers o f th e  upper and lower le v e ls ,  r e s p e c t iv e ly .
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Table 3. L ife tim es o f  E le c tro n ic  Levels o f  Helium
Level Worker T(nanoseconds)
4^S Pendelton  and Hughes (24) 87+9
B ennett e t  a l .  (25) 84+9
This Work 89+3
Theory: G abrie l and Heddle (26) 90
4^D Fowler e t  a l .  (27) 35+4
P endelton  and Hughes (24) 47±5
B ennett e t  a l .  (25) 34.5  +4
This Work 41+3
Theory: G abrie l and Heddle (26) 38
3^P Heron e t  a l .  (28) 115±5
Fowler e t  a l .  (27) 91+8
P endelton  and Hughes (24) 115+2
B ennett e t  a l .  (25) 105+5
Jeunehomrae and Duncan (29) 127+10
This Work 122+5
Theory: G abrie l and Heddle (26) 97
4^5 Heron e t  a l .  (28) 67.5  +1
B ennett and Dalby (4) 77.5  ±4
Fowler e t  a l .  (27) 59+6
P endelton  and Hughes (24) 68+1
B ennett e t  a l .  (25) 64.5  ±4
This Work 62+3
Theory: G ab rie l and Heddle (26) 64
6 0
180
160
140
g 120 
O
E
0  100
oc
ui
ffi
1  80  z
LU
S  
^  60
40
20
N2+
FIRST
NEGATIVE
N o ^ X ^ Z n '* '
N g b  TTy
BIRGE-HOPFIELD
Ng X' ZI r  +g
NgC^Wu
SECOND 
POSITIVE
FIRST POSITIVE
K
N g  a ® j:+
Figure 8. Fncrgy Level Diagram o f  the  N itrogen M olecule.
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Table 4. Wavelengths o f  th e  F i r s t  P o s itiv e  
Band System.
B^tt
g u
3 1 7626
4 1 6788
4 2 7504
5 2 6705
6 3 6624
7 4 6545
8 5 6469
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In F ig . 9 , a spectrogram  i s  given o f  th e  f i r s t  p o s i t iv e  system  
which r e s u l ts  from a change in  v ib ra t io n a l  quantum number o f  th re e . The 
th re e  main peaks n o tic e a b le  in  each band are  c h a r a c te r i s t i c  o f  a t r i p l e t  
s t a t e .  Since th e  upper s t a t e  is  a s t a t e ,  th e  a d d it io n a l  s t r u c tu r e ,  
which i s  d iscen ab le  in  th e  spectrogram , i s  much more com plicated  w ith 
g re a te r  wavelength r e s o lu t io n .
Combination System 1 was used to  o b ta in  th e  o sc illo g ram s re p re ­
s e n ta t iv e  o f  th e  l i g h t  decay. A sim ple r e s i s t o r ,  c a p a c ito r  in te g ra t in g  
dev ice  was used to  smooth th e  ou tpu t from an EMI 9558 p h o to m u ltip lie r  
tu b e . The decay co n stan t o f  the  in te g r a to r  was always le s s  than  one- 
te n th  th e  decay c o n s ta n t o f  th e  e x c ite d  le v e l  under o b se rv a tio n . A %- 
m eter J a r re l l-A sh  monochromator was used fo r  s p e c t r a l  i s o la t io n  o f  the  
d e s ire d  r a d ia t io n . The tim e co n stan ts  and r e s u l t in g  l i f e t im e s  were 
measured from th e  o sc illo g ram s w ith  th e  E xponen tia l Function S y n th e s iz e r  
and the  Comparator.
Since th e  l i f e t im e s  o f  th e se  le v e ls  a re  r e l a t iv e ly  long (g r e a te r  
than  2 m icroseconds), th e  a n a ly s is  developed in  C hapter 1 fo r  th e  case o f  
w a ll quenching and volume c o l l i s io n a l  d ep o p u la tio n  must be used to  d e te r ­
mine the  spontaneous em ission l i f e t im e .  A d e s c r ip t io n  o f  some o f  th e  
c o n sid e ra tio n  needed to  analyze th e  d a ta  w i l l  be g iven b e fo re  th e  r e s u l t s  
are  p re sen ted .
C o n sid era tio n  must be g iven to  th e  c o l l i s io n  frequency term 
con tained  in  the  m athem atical a n a ly s is  o f  C hapter 1. For the  a n a ly s is  
o f  th e  d a ta  h e re in  to  be p re se n te d , th is  c o l l i s io n  frequency term  was a s ­
sumed to  be p ro p o r tio n a l only to  th e  c o n c e n tra tio n  o f  th e  p a r t i c l e s
(5 ,2 )
(6 .3 )
(7 .4 )
(4.1)
(8 ,5 )
0 ,6)
6 8 0 0 6 6 0 0 6 5 0 06 9 0 0 6 7 0 0 6 4 0 0
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co n ta in ed  in  the  in v e r tro n . This assum ption i s  reaso n ab le  i f  th e  tem per­
a tu re  o f  th e  gas i s  kep t c o n sta n t fo r  a l l  p re s su re s . The tem p era tu re  o f 
the  cathode was measured w ith an o p t ic a l  pyrom eter. (S ince th e  c o l l i ­
s io n  frequency i s  p ro p o r tio n a l only to  the  square  ro o t o f  th e  tem pera­
tu r e ,  th e  e r r o r  th i s  measurement produces i s  r e l a t iv e ly  s m a ll .)  The gas 
tem pera tu re  was then  taken  to  be th e  tem peratu re  o f  the  cath o d e . A com­
p a riso n  o f  th e  Boltzmann tem pera tu re  o f  th e  e x c ite d  s ta t e s  w ith  the  
measured cathode tem perature  i s  p re sen ted  e lsew here. The agreem ent be­
tween th e  Boltzmann tem pera tu re  and th e  measured cathode tem p era tu re  
lends c r e d i t a b i l i t y  to  th e  assum ption th a t  th e  gas k in e t ic  tem peratu re  
i s  a lso  th e  same.
The co n cen tra tio n s  o f  the  n itro g e n  gas p a r t i c l e s  were determ ined 
from a measurement o f  th e  p re s su re  w ith  a m ercury, McLeod gauge. The 
co n ce n tra tio n  o r number d e n s ity  (N^) was then  determ ined w ith  th e  fo llow ing  
r e l a t i o n .
N. = " mT
i s  th e  d e n s ity  o f the  p a r t i c l e s  determ ined from the McCloud gauge a t  
th e  am bient tem peratu re  T^. T i s  th e  tem peratu re  o f  th e  gas in s id e  th e  
in v e r t r o n .
From Eq. (36) in  C hapter I I ,  the  e f f e c t iv e  t r a n s i t i o n  p r o b a b i l i ty  
may be ex p ressed  as fo llow s.
Â = A + N^(av) + (60)
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Â i s  the  re c ip ro c a l o f  th e  measured l i f e t im e .  Measured l ife tim e s  were 
determ ined fo r  a number o f  d i f f e r e n t  p re ssu re s  w ith  Combination System I, 
A l e a s t  squares f i t  was imposed upon th e  d a ta  to  match the  form 
o f Eq. (60 ). The two p a ram ete rs , A and (o v ) , were determ ined by the  
fo llow ing  eq u a tio n s , which r e s u lte d  from the  l e a s t  squares f i t .
0.52 0.52n Z.A.N. - Z. - (E .N .)CZ.A .) - Z. T i r
A = -------— ———----------------------------------------------------
n Z .(N .)2  - (E .N p^
0.52
Z.A. - Z. M. - AZ.N.
11 1 1^ 11ov  ----------------------------------n
A^  and a re  the  measured re c ip ro c a l  l i f e t im e s  and number d e n s i t ie s ,  
re s p e c tiv e ly . (A  ^ and a re  d esig n a ted  Â and N^, re s p e c t iv e ly ,  in  
Eq. (6 0 ) .)  n re p re se n ts  th e  number o f  m easurem ents. In the  le a s t  
squares f i t ,  only th e  A ^'s were assumed to  v a ry .
As can be seen in  Eq. (6 0 ), Â becomes very  la rg e  as becomes 
sm all, due to  the th i r d  term  on th e  r ig h t  hand s id e  o f  the  eq u atio n . 
Thus A has a minimum value  as im plied  by Eq. (60) and becomes i n f i n i t e  
as goes to  zero . In f a c t ,  th i s  does n o t happen. The d i f f i c u l ty  i s  
w ith  th e  d if fu s io n  term  used  in  th e  a n a ly s is  o f  C hapter I I .  For sm all 
number d e n s i t ie s  where th e  mean f re e  p a th  becomes comparable w ith  the  
s iz e  o f the  co n ta in in g  v e sse l ( in  t h i s  case th e  in v e r t ro n ) ,  d if fu s io n  
i s  no longer a v a l id  concep t.
The techn ique used to  analyze th e  d a ta  was to  f in d  th e  minimum 
p o in t o f  the  curve and then  l e t  th i s  v a lu e  o f th e  re c ip ro c a l
l i f e t im e  ho ld  fo r  a l l  sm a lle r  va lues o f  N .
0
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F igu res 10 t o  12 d is p la y  the  m easured v a lu es  and e s tim a te d  
e r ro rs  o f  th e  e f f e c t iv e  t r a n s i t i o n  p ro b a b i l i ty  and th e  d e riv ed  curve f i t  
( s o l id  l i n e ) . T able  5 g ives th e  de riv ed  v a lu e  o f  th e  spontaneous em is­
s io n  re c ip ro c a l  l i f e t im e  (A ), the  spontaneous em ission  l i f e t im e  (V ), th e  
p roduct term  ( a v )  , and th e  minimum p o in t o f  th e  measured re c ip ro c a l
l i f e t im e  (A . ) .  The e s tim a te d  e r r o r  fo r  A i s  15 p e r  c en t and f o r  ov, min'
10 p e r c e n t. A lso , in  th e  same ta b le  i s  g iven th e  d e riv e d  value  o f  th e  
e f f e c t iv e  c ro ss  s e c t io n  fo r  th e  d ep o p u la tion  mechanism, a .  The v a lu e  o f 
the  v e lo c i ty  (v) was taken  to  be th e  average v e lo c i ty  o f  a  n itro g e n  
m olecule a t  th e  m easured tem p era tu re  (1050° K) o f  the  in v e r tro n ,  10^ cm 
p e r  second.
The Knudsen r e la t io n  d e sc rib e s  the  number o f  p a r t i c l e s  which 
s t r ik e  th e  w a lls  o f  a v e s se l o f a re a  B and volume V a t  a  g iven tem pera­
tu re .  Thus, an e f f e c t iv e  t r a n s i t io n  p r o b a b i l i ty  ( h e re a f te r  r e f e r r e d  to  
as the Knudsen t r a n s i t i o n  p r o b a b i l i ty ,  A^) can be determ ined  f o r  the  
case where th e  d i f f u s io n  concept i s  no lo n g e r a p p lic a b le  and volume c o l-  
l i s io n a l  d ep o p u la tio n  i s  no lo n g er im p o rtan t.
A _  A V B
K " 4 V
B is  th e  a re a  o f  th e  c o n ta in in g  v e sse l and V i s  th e  volume o f  th e  v e s s e l . 
The second term  on th e  r ig h t  hand s id e  o f  th e  above eq u a tio n  i s  th e  
Knudsen term . For th e  dim ensions o f th e  in v e r tro n  and th e  measured 
tem p era tu re , 1050° K, th is  second term  has th e  v a lu e  o f 0 .6  x 10^ p e r  
second. For each v ib r a t io n a l  le v e l ,  th e  v a lu es  o f  A  ^ a re  g iven  in  Table
s  12
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F igu re  12. P re s su re  Dependence o f  th e  Measured R ec ip ro ca l  L ife t im es  o f  V ib r a t io n a l  Levels 
(v ' = 7 and 8) o f  th e  S ta te s  o f  .
Table  5. R ec ip roca l L ife t im es  (A), L ife t im es  ( x ) , C ro ss-S ec tio n s  ( a ) ,  and o th e r  
A sso c ia ted  Param eters  Concerned w ith  th e  V ib ra t io n a l  Levels o f  th e  B^R 
Level o f  No g
V* 3 4 5 6 7 8 u n i t s
A 3.0 2 .5 2 .8 2 .5 2 .3 2 .5 lO^sec” ^
T 3 .3 4 .0 3.5 4 .0 4 .3 4 .0 10"®sec
ov 3 .0 4 .8 3 .2 2 .4 2 .3 1 .8 10 ^^sec ^cm^
o 3.0 4 .8 3.2 2 .4 2 .3 1 .8 10 ^^cm^
\ i i n 3 . 7 3. S 3 .6 3 .4 3 .0 3 .1 lO^sec ^
3 .6 3 .1 3 .4 3 .1 2.9 3 .1 lO^sec 1
t CJ)* 6 .8 6.5 6 .2 6 .0 5 .3 4 .8 lO '^ se c
o
*M. Jeunehomme(^)
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5. and should  be equal i f  th e  assumptions o f  t h i s  an a ly s is  are  
c o r r e c t .  Table 5 dem onstrates the  reasonable  agreement between A^ ^^  ^ and
The r e s u l t s  in d ic a te  t h a t  th e  c o l l i s i o n a l  depopula tion  c ro s s -
se c t io n  peaks f o r  th e  v '  = 4 v ib r a t io n a l  le v e l .  The p o t e n t i a l  energy
curves o f  determ ined by G i l m o r e i n d i c a t e  a n ea r  asym ptotic  c rossing  
o f  the and A^Z* p o te n t i a l  energy lev e ls  between v '  = 4 and v '  = 5
of the  B^iig s t a t e .  The resonance energy, c o l l i s i o n a l  p e r tu rb a t io n  o f  th e  
A3z^ le v e l  may account fo r  th e  in c reased  c o l l i s io n a l  depopula tion  c ro ss -  
s e c t io n  about the  B^H^ (v ' = 4) l e v e l .
The r e s u l t s  o f  Jeunehomme^^^ a re  a lso  given in  Table 5 l i s t e d  by
t ( J ) . Jeunehomme e x tra p o la te d  to  zero p re s su re  th e  r e c ip ro c a l  l i f e t im e
to  ob ta in  th e  va lues  g iven. He e x c ited  mixed w ith  NO to  reduce the  
d i f fu s io n  lo s s e s ,  although no attem pt was made to  c o r re c t  fo r  th e  d i f ­
fu s ion  lo s se s .  C orrec tion  f o r  d i f f u s io n  losses  tends to  lower th e  
measured l i f e t im e s .  No comparison was made between Jeunehomme's measured 
c ro s s -s e c t io n s  and th o se  given in  Table 5 s in ce  th e  main p a r t i c l e  producing 
c o l l i s i o n a l  depopu la tion  in  h i s  v e sse l  was NO.
Muster measured the abso rp tion  o s c i l l a t o r  s t r e n g th  o f  th e  B^]igCv'=0) 
to  A^zj^(v'=0) in  a shock hea ted  n i t ro g en  gas. The v a lu e ,  0.0028, which 
he ob ta ined  corresponds to  a l i f e t im e  o f  3.64 microseconds f o r  th e  upper 
v ib ra t io n a l  le v e l  i f  th e  branching r a t i o  of 0.34 p re d ic te d  by th e  Franck- 
Condon fa c to r s  as c a lc u la te d  by Halmann and L au lich t i s  used. In  the  
c a lc u la t io n  o f  t h i s  l i f e t im e ,  the e le c t r o n i c  t r a n s i t i o n  moment was assumed 
co n s tan t .  M uster 's  r e s u l t  agrees w ell with the  r e s u l t s  o f  t h i s  work b u t  
d if fe rs  from Jeunehomme's r e s u l t s  by a f a c to r  o f  two.
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The second p o s i t iv e  band system of n i t ro g e n  r e s u l t s  from v ib r a ­
t io n a l  t r a n s i t i o n s  from the  to  s t a t e s .  (See energy le v e l  d i ­
agram in  Fig. 8) The l i f e t im e s  o f  four o f  th e  v ib r a t i o n a l  le v e ls  o f  th e  
C^IIu s t a t e s  (v ' = 0 ,1 ,2 ,3 )  were measured w ith  Combination System V. 
S p e c tra l  r e s o lu t io n  o f  th e  d e s i r e d  l in e s  was ob ta ined  w ith  a ^Hmeter 
J a r r e l l -A s h  monochromator. The band pass o f  the  monochromator was ad­
ju s te d  so  t h a t  only th e  r a d ia t io n  from the  band heads to  two angstrom 
Units  behind th e  band heads o f  th e  v ib r a t io n a l  le v e ls  was adm itted onto 
the face  o f  th e  p h o to m u l t ip l ie r .  Since th e  le v e l  i s  composed o f
two only s l i g h t l y  non-degenera te  e l e c t r o n i c  s t a t e s ,  th e  two s t a t e s  were 
measured as one. A ll t h a t  fo llows t r e a t s  th e se  n ea r  degenera te  e l e c t r o n i c  
s t a t e s  and th e  r o ta t i o n a l  le v e ls  as one le v e l .
The t r a n s i t i o n s  chosen to  monitor th e  number d e n s i t i e s  o f  the  
re s p e c t iv e  v ib r a t io n a l  l e v e l s  are  l i s t e d  in  Table 6. Under are 
l i s t e d  the  upper le v e l  v ib r a t io n a l  quantum numbers, under B^n^ are
l i s t e d  the  lower le v e l  v ib r a t io n a l  quantum numbers, and under A i s  l i s t e d
th e  wavelength in  angstroms c h a r a c t e r i s t i c  o f  the  t r a n s i t i o n .
The e le c t ro n  cross  s e c t io n  f o r  the  p roduc tion  o f  the s t a t e
from th e  ground s t a t e  has th e  t r i p l e t  shape. The c ross  s e c t io n  i s  very
la rg e  near  onset e x c i t a t io n  energ ies  and then decreases  ra p id ly  as the
e le c t ro n  energy in c re a s e s .  In Figure 13 a re  two spectrograms which 
g ra p h ic a l ly  demonstrate t h i s  e f f e c t .  The r a d ia t io n  from th e  B^Z* s t a t e s  
in c re ase s  slow ly in  the  energy range o f  28 - 100 e V . T h e  r a d ia t io n
73
Table 6. L ife tim es (Tp and o f  V ib ra t io n a l  Levels o f  the  S ta te  
and the Wavelength (A) used fo r  the  Measurements,
c^nu g A
(nanoseconds)
'p
(nanoseconds)
' e
V ' = 0 v" = 0 3371% 38.4±2.0 7 39.7±2 4
1 0 3159% 39.2±2.0 8 39.7±2 4
2 1 3136% 37.8±3.0 6 39.6±3 4
3 2 3117% 38,0±3.0 5 39.6±3 4
H
z
3
>  a:
<  ce
t  3100
T 1 r
ELECTRON ENERGY: 100eV
1— T "T  
Ng^ (O.O)
— O
o.
o
(M
I ± _L _L I _L
^  «  
:  s - j
CViAl » .
±
3200 3300 3400 3500 3600 3700 3800 3900 4000
CDcr
<
ELECTRON 
ENERGY: 28eV>H
V)z
U J
CM
CM fO
I -z lO
o _
CM
CM;z i
CM
3600 3700 3800 3900 40003300 3400 35003100 3200
Figure 13.
WAVELENGTH , X. ( ANGSTROM UNITS )
Spectrograms o f  th e  Second P o s i t iv e  and F i r s t  N egative Systems o f  N itrogen  f o r  Two 
D i f f e r e n t  E le c t ro n  E n erg ie s .
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from th e  C^JI  ^ s t a t e s  decreases  d ra m a t ic a l ly ,  however, from 28 eV 
e x c i t a t io n  energy t o  100 eV e x c i t a t io n  energy.
Due to  co n s id e rab le  confusion r e s u l t i n g  from prev ious  measure­
ments o f  the  l i f e t im e  o f  t h i s  l e v e l ,  a p re s s u re  dependent and energy de­
pendent examination o f  th e  v ib ra t io n a l  le v e l s  was undertaken . The 
p re s su re  dependent exam ination w i l l  be d e sc r ib ed  f i r s t .
I f  spontaneous emission and volume c o l l i s i o n a l  depopu la tion  
a re  the  only p o p u la t io n  o r  depopulation mechanisms o f a l e v e l ,  the  in ­
t e n s i t y  (I) o f  the  em itted  ra d ia t io n  has th e  fo llow ing  time dependence.
I = Ig exp[-(A + N^av)t] (61)
is  the  i n i t i a l  i n t e n s i t y ,  A i s  the  sum o f  a l l  p o s s ib le  t r a n s i t i o n  
p r o b a b i l i t i e s ,  i s  the  t o t a l  number o f p a r t i c l e s ,  o i s  the  e f f e c t i v e  
c o l l i s i o n a l  depopula tion  c ro s s -s e c t io n  and v th e  v e lo c i ty  o f  th e  p a r t i ­
c le s .  The measured re c ip ro c a l  l i f e t im e  (A^) may be de fined  from Eq. (61)
Aj^  = A + N^av
The l i f e t im e s  o f  four v ib r a t io n a l  le v e l s  o f  the  s t a t e s  were
measured over a p re s su re  range o f  0.03 to  1.4  Torr. For a gas tem perature  
o f  1000° K, t h i s  corresponds to  a number d e n s i ty  o f  0.028 to  1 .3  x 10^® 
p e r  cubic c en tim e te r .  The e x c i t a t io n  v o l ta g e  ap p lied  to  th e  in v e r t ro n  was 
60 v o l t s .  No d e te c ta b le  dependence o f  th e  l i f e t im e  on number d e n s i ty  was 
observed. Since the  spontaneous emission l i f e t im e s  fo r  t h i s  l e v e l  are  so 
s h o r t ,  the  lack o f dependency on number d e n s i ty  was no t unexpected.
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However, the  d a ta  d id  s e t  an upper l i m i t  on th e  c o l l i s i o n a l  depopulation  
c r o s s - s e c t io n  a t  4 x 10 ^^cm^ fo r  v '  = 0  and v '  = 1 and 6 x 10 ^^cm^ fo r  
v '  = 2 and v '  = 3 .
In Table 6 , th e  average o f  th e  measured va lues  o f  th e  l i f e t im e s  
o f  th e  0 , 1, 2 and 3 v ib r a t io n a l  le v e ls  o f  th e  C^II^ s t a t e  a re  l i s t e d  
under The e s t im a ted  e r r o r  i s  a lso  g iven . This e s t im a ted  e r r o r  is
th e  t o t a l  e s t im ated  abso lu te  e r r o r .  The f l u c tu a t io n  in  th e  measured 
va lues  i s  le s s  than  th e  rep o r ted  abso lu te  e r r o r .  Under th e  symbol #p 
i s  given the  number o f  measurements which were averaged to  g ive  th e  r e ­
p o r te d  va lue .
A p o s s ib le  dependency of the  l i f e t im e s  o f  th e  C^II^ s t a t e s  on 
e le c t r o n  energy was a lso  considered e x p e r im en ta l ly .  Previous measure­
ments in d ic a te d  th a t  the  l i f e t im e s  in c reased  by about a f a c to r  o f  two 
to  over 70 nanoseconds w ith a change in  th e  e x c i t in g  e l e c t r o n  energy 
from 40 eV to  100 eV. In p r in c ip l e ,  th e  spontaneous em ission  l i f e t im e  
o f  a g iven le v e l  should be a param eter c h a r a c t e r i s t i c  only o f  the  le v e l .
To t e s t  the  v a l i d i t y  o f  the  p r i n c i p l e ,  th e  l i f e t im e s  o f  th e  C^II^(v’= 0 , l , 2 ,3 )  
l e v e l s  were measured over a range o f  e le c t ro n  e x c i t a t io n  e n erg ies  o f  40 
to  125 eV. The p re s su re  was h e ld  a t  0.06 T orr  f o r  a l l  th e se  e le c t ro n
energy dependent measurements. This p re s su re  corresponds to  a number
+ 13d e n s i ty  o f  5 .6 x 10 p e r  cubic cen tim e te r .  C o l l i s io n a l  depopulation  
e f f e c t s  account f o r  much le s s  than 1 p e r  cent o f  th e  measured values  a t  
th e se  p re s su re s .
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When the  in v e r t ro n  i s  opera ted  w ith  40 v o l t s  ap p lied  to  the  ac­
c e le r a t in g  g r id  a t  p re s su re s  as low as 0.06 T o r r ,  the  p r e - io n iz a t io n  
p u ls e  must be used to  ge t s t a b l e ,  rep ro d u c ib le  e x c i t a t i o n .  For these  
measurements, a 30 v o l t  amplitude p r e io n iz a t io n  p u lse  o f  about 8 m icro­
seconds width was a p p l ie d  20 microseconds b e fo re  the  a p p l ic a t io n  o f  the  
e x c i t a t io n  p u ls e .  The i n t e n s i t y  o f  the  r a d i a t i o n ,  which was em itted  
from the  observed le v e ls  and produced by the  p r e io n iz a t io n  p u ls e ,
had decayed to  a va lue  which was le ss  than 10~^ times th e  value  o f  the  
i n t e n s i t y  produced by th e  e x c i t a t io n  p u ls e .  Thus, th e re  was a n e g l ig ib le  
r e s id u a l  background r a d i a t i o n  fo r  the  l i f e t im e  measurements.
The e x c i t a t io n  p u lse  width was 130 nanoseconds. The width was 
s e t  a t  t h i s  va lue  to  reduce the  popu la t io n  o f  long l iv e d  sp ec ie s  which 
might cascade in to  th e  observed le v e l s .  Thus, the  decay curves r e s u l t i n g  
from the  observed l i g h t  decay were composed o f  only one e x p o n en tia l  decay 
p lus  a small co n s tan t  background.
The measured va lues  o f  th e  l i f e t im e s  v a r ie d  by le s s  than  1.5 nano­
second f o r  th e  v '  = 0 ,  1, 2, 3 lev e ls  o f  th e  s t a t e  w ith  a change in
the  e le c t ro n  a c c e le r a t in g  v o ltag e  from 40 v o l t s  to  125 v o l t s .
In Table 6 i s  l i s t e d  the  average o f  th e se  measurements under x^.
As can be seen , Xg and x^ agree to  w ell w i th in  the  e s t im a ted  e r r o r .  Since 
the  p re s su re  dependent s tudy  and the e le c t r o n  dependent s tudy  were p e r ­
formed under d i f f e r e n t  ab so lu te  c a l i b r a t i o n  c o n d i t io n s ,  the  agreement was
expected to  be no b e t t e r  than  i t  i s .  Under the  column la b e l le d  #„ inb
Table 6 i s  l i s t e d  th e  number o f  measurements made fo r  th e  e le c t r o n  energy 
dependent s tudy .
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Figures 14, 15 and 16 con ta in  th e  p l o t  of the raw d a ta  ( c i r c l e s )  
from the  m ultichannel analyzer f o r  th re e  decay curves. Note th e  ab- 
scence o f  a long cascade component. Only a co n s tan t no ise  le v e l  had to  
be su b tra c te d  from the  counts. The squares  in  the f ig u re s  r e p re se n t  
th e  raw da ta  with th e  no ise  le v e l  su b tra c te d .  This co rrec ted  d a ta  has 
been p lo t t e d  with a s h i f t  to  the l e f t  s id e  fo r  c l a r i t y .  The s o l id  
s t r a i g h t  l in e  i s  th e  f i t  to  the d a ta  and was used to  ob ta in  th e  decay 
co n stan ts  and corresponding l i f e t im e s .
An average of  a l l  the  l i f e t im e  measurements given in  Table 6 
f o r  th e  C^IIy le v e l  i s  39 nanoseconds. In Table 7 i s  l i s t e d  th e  r e s u l t s  
o f  a l l  known in v e s t ig a to r s  to  date  who have measured the  l i f e t im e  o f  the  
s t a t e  o f
The measured va lue  o f  t h i s  work fo r  th e  le v e l  agrees to
(4)w ith in  th e  re p o r te d  experim ental e r r o r  o f  Bennett and Dalby. Fink 
and Welge^^^ rep o r ted  a value fo r  the  l i f e t im e  of t h i s  l e v e l ,  which does 
n o t  f i t  th e  e x t ra p o la t io n  to  onset energy o f  t h e i r  da ta .  A re a n a ly s is  
o f  t h e i r  d a ta  y ie ld s  a value  fo r  the  l i f e t im e  given in  Table 7 in  paren­
t h e s i s ,  which agrees much b e t t e r  with the  r e s u l t s  o f  t h i s  work, 
f 81Jeunehomme' s rep o r te d  value does no t agree w ith  the  r e s u l t s  o f  t h i s  
work to  w ith in  the  repo rted  p o ss ib le  e r r o r .  However, in  h is  paper ,  
Jeunehomme "sugges ts"  a value o f  47±8 nanoseconds. Due to  the  p e c u l i a r  
techn ique Jeunehomme used to  ob ta in  h is  re p o r te d  value from h is  p re s su re  
dependent l i f e t im e  measurements, th e  "suggested" value i s  probably  the 
b e t t e r  va lue . Nichols and Wilson^^^^ d id  no t measure the l i f e t im e s  they 
re p o r te d  below a p re s su re  o f  50 Torr. A very  small e r ro r  in  the  measured
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Table 7. Measured L ifetim es o f  the S ta te s  o f
E xperim en ta lis t L ife tim e (nanoseconds)
Bennett and Dalby 44.5±6
Fink and Welge^^^ 27 ±5 (39)*
f 81Jeunehomme 49 ±5 (47±8)**
Nichols and Wilson^^^^ 45.4 (v* = 0) 31.2 (v ' = 1)
This Work 39 ±2.5
A b e t t e r  e x tra p o la t io n  o f  Fink and Welge's e le c t ro n  
energy dependent curve i s  39 nanoseconds.
* *
Value suggested by Jeunehomme.
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p re s su re  dependent l i f e t im e  o r  in  the measured p re s s u re  would d ra m a tic a l ly  
a f f e c t  the  e x t ra p o la te d  zero  p re s su re  va lue  o f  th e  l i f e t im e  from p r e s ­
su res  as h igh  as they  o p e ra ted .  In a d d i t io n ,  a d isc repancy  e x i s t s  b e ­
tween the  la rg e  d i f f e r e n c e  (50 p e r  cent) in  the  l i f e t im e  o f  th e  two v ib r a ­
t i o n a l  le v e l s  rep o r te d  by N ichols and Wilson^^^^ and th e  r e l a t i v e l y  small 
dependence (10 p e r  cent) o f  th e  e le c t r o n i c  t r a n s i t i o n  moment o f  the
to  n t r a n s i t i o n .  
g
C o l l i s io n a l  depopu la t ion  cross s e c t io n s  f o r  th e se  le v e l s  c a lc u ­
la t e d  from the  p re s su re  dependent l i f e t im e s  measured by Nichols and 
Wilson should  be more acc u ra te  than the  zero p re s su re  l i f e t im e s .  I f  the  
tem peratu re  o f  the  gas in  t h e i r  v e sse l  was 300° K, t h e i r  r e s u l t s  in d ic a te  
an e f f e c t i v e  c o l l i s i o n a l  depopulation  c ross  s e c t io n  o f  1.7x10 ^^cm^ and
4.2x10 ^^cm^ fo r  v '  = 0 and v '  = 1, r e s p e c t iv e ly .  These values a re  w ell 
below th e  upper l im i t  o f  4x10” ^^cm^ s e t  by th e  r e s u l t s  o f  t h i s  work.
The t r a n s i t i o n  p r o b a b i l i t i e s  fo r  the  v a r io u s  v ib r a t io n a l  t r a n s i ­
t io n s  o f  the  second p o s i t iv e  system may be c a lc u la te d  from th e  l i f e t im e s
o f Table 6 and r e l a t i v e  i n t e n s i t y  measurements. The measured r e l a t i v e
(32)i n t e n s i t i e s  rep o r te d  by Tyte  ^ were used to  c a l c u l a t e  the  t r a n s i t i o n
p r o b a b i l i t i e s  given in  Table 8 with the  use o f  Eq. (5 ) .  The sum term
l i s t e d  in  th e  ta b le  was o b ta in ed  by n o rm a liza t io n  o f  the  Franck-Condon
(33)f a c to r s  c a lc u la te d  by Zare e t  a t .  to  th e  measured va lues  o f  Tyte. 
Since th e  sum term adds a sm all c o r re c t io n ,  the  e r r o r  in troduced  in to  
the  o th e r  t r a n s i t i o n  p r o b a b i l i t i e s  by the  e r r o r  in  th e  c o r re c t io n  w i l l  
be very  sm all .
Table 8. T r a n s i t io n  P r o b a b i l i t i e s  f o r  th e  C^n - n T r a n s i t io n s  and L ife t im es
u g
f o r  th e  C^ll^ S t a t e  of th e  N itrogen  M olecule.
V' V ' = 0 v '  = 1 V' = 2
X(R) A (0 ,v")x l0^sec"^ X(R) ACl ,v ”)x l0 ^ se c  ^ X(X) A (2 ,v " )x l0 ^ sec  ^
0 3371.3 12.4 3159.3 11.1 2976.8 4 .6
1 3576.9 8.8 3339.0 0.62 3136.0 10.9
2 3804.9 3 .1 3536.7 5 .3 3309.0 0.72
3 4059.4 1 .0 3755.4 4 .7 3500.5 1.9
4 4343.6 0.29 3998.5 2 .4 3710.5 3.3
5 3943.0 2.4
6
7
?  = 0.15 
v"=5
00 _
Z = 1 .6  
v"=5
4200.5
4490.2
1.4
0 .42
E = 0.49 
v"=8
T 38.3x10 ^sec 39.3x10 ^sec 38.5x10 ^sec
004^
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o f u 2
The r a d ia t io n  produced by th e  to  t r a n s i t i o n  of  the n i ­
trogen  m olecular ion i s  r e f e r r e d  to  as the  f i r s t  nega tive  system. See 
energy le v e l  diagram in  F ig . 8. The l i f e t im e  o f  the zero v ib ra t io n a l  
lev e l  o f  the  B^r* s t a t e  i s  probably capable o f  being measured more ac­
c u ra te ly  than any o th e r  m olecular v ib r a t io n a l  le v e l .  The reasons that 
th i s  i s  so are  many. The e le c t ro n  production  c ro s s - s e c t io n  fo r  th is  
le v e l  from the  n e u t r a l  n i t ro g en  molecule i s  la rg e .  Since the t r a n s i t i o n  
occurs in  the  n i t ro g e n  m olecular io n ,  resonance absorp tion  o f  the r a d ia ­
t io n  occurs only from the  produced ion . With sh o r t  e x c i t a t io n  pulses 
the ion number d e n s i ty  may be kept low. Cascading le v e ls  in to  th is  level 
are  very weak and have r e l a t i v e l y  very long l i f e t im e s .  The l i f e t im e  of 
the  B^z^fv' = 0) le v e l  i s  long enough to  be e a s i ly  measured by the ap­
p a ra tu s  y e t  sh o r t  enough so th a t  c o l l i s io n a l  e f f e c t s  can be made small.
Due to  the  p o s s i b i l i t y  o f  p re c is e  measurements of the l i f e t im e  
o f  t h i s  v ib ra t io n a l  l e v e l ,  i t  was chosen fo r  the  study of any dependence 
o f  th e  l i f e t im e  on th e  r o ta t io n a l  le v e l .  The = 0) to  X"Z^(v^ = 0)
is  the  s t ro n g e s t  t r a n s i t i o n  from the  upper lev e l  and r e s u l t s  in the 
em ission o f  r a d ia t io n  with the bandhead a t  391.4 nanometers. The band 
system was re so lv ed  in to  35 r o t a t i o n a l  components o f  the  R branch. Figure 
17 i s  a spectrogram showing th e se  components. (Since the  sp in  s p l i t t i n g  
of  the  r o t a t i o n a l  le v e ls  was not observable w ith the  apparatus used, th is  
t r a n s i t i o n  w i l l  be d iscussed  as i f  i t  were a to  ^Z t r a n s i t i o n . )  In 
o rder to  a s c e r ta in  the p ressu re  a t  which the l i f e t im e s  should be measured
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The r a d ia t io n  produced by th e  82%* to  X2%* t r a n s i t i o n  of th e  n i ­
trogen  m olecular ion is  r e f e r r e d  to  as th e  f i r s t  n eg a tiv e  system. See 
energy le v e l  diagram in  F ig . 8. The l i f e t im e  o f  the  zero v ib ra t io n a l  
le v e l  o f  th e  s t a t e  i s  probably capable o f  being measured more ac­
c u ra te ly  than any o ther  m olecular v ib r a t io n a l  l e v e l .  The reasons th a t  
th i s  i s  so are many. The e le c t ro n  p roduc tion  c ro s s - s e c t io n  fo r  th i s  
le v e l  from the n e u tra l  n i t ro g en  molecule i s  la rg e .  Since the  t r a n s i t i o n  
occurs in  the  n i tro g en  m olecular ion , resonance ab so rp tio n  of  the  r a d ia ­
t io n  occurs only from the  produced io n .  With sh o r t  e x c i t a t io n  pulses  
the  ion number d en s ity  may be kept low. Cascading le v e l s  in to  t h i s  le v e l  
are  very weak and have r e l a t i v e l y  very long l i f e t im e s .  The l i f e t im e  of 
the  b2%*(v ' = 0) lev e l  i s  long enough to  be e a s i ly  measured by the  ap­
p a ra tu s  y e t  sh o r t  enough so th a t  c o l l i s i o n a l  e f f e c t s  can be made sm all.
Due to  the  p o s s i b i l i t y  o f  p r e c i s e  measurements o f  the l i f e t im e  
o f  t h i s  v ib ra t io n a l  le v e l ,  i t  was chosen fo r  the  study of any dependence 
of  th e  l i f e t im e  on the  r o ta t i o n a l  le v e l .  The B^E*(v' = 0) to  X^Z*(v'* = 0) 
is  the  s t ro n g e s t  t r a n s i t i o n  from the upper le v e l  and r e s u l t s  in  the  
emission o f  r a d ia t io n  with the bandhead a t  391.4 nanometers. The band 
system was reso lved  in to  35 r o t a t i o n a l  components o f  th e  R branch. Figure 
17 i s  a spectrogram showing th e se  components. (Since the  sp in  s p l i t t i n g  
o f  th e  r o t a t i o n a l  lev e ls  was no t observable  w ith  the  apparatus used, t h i s  
t r a n s i t i o n  w i l l  be d iscussed  as i f  i t  were a to  ^Z t r a n s i t i o n . )  In 
o rde r  to  a s c e r ta in  the p re ssu re  a t  which the l i f e t im e s  should be measured
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so th a t  c o l l i s i o n a l  terms would be n e g l ig ib le ,  the p re s su re  dependency 
o f  th e  l i f e t im e s  was examined. A more e x ten s iv e ,  low p re ssu re  examina­
t io n  o f  the  l i f e t im e s  was then performed.
P ressu re  Dependency
The p re s su re  dependencies o f  th e  l i f e t im e s  o f  th e  th re e  r o ta ­
t io n a l  lev e ls  (K' = 11, 19, 31) o f  the  (v ' = 0) v ib r a t io n a l  le v e l  and 
o f  the  l i f e t im e  o f  the  (v ' = 1) v ib r a t io n a l  lev e l  o f  the  s t a t e  were
measured. Combination System V was used to  perform the  measurements.
Four l i f e t im e s  fo r  each r e f e r r e d  to  le v e l  were measured a t  a p re s su re  of 
0 .12 , 0 .24 , 0.5 and 1.0 T o rr ,  which correspond to  a number d e n s i ty  of 
O.lO, 0 .21 , 0.43 and 0.87 x lO^^cm"^, r e s p e c t iv e ly ,  a t  the  measured cathode 
tem perature o f  1100 K. Figures 18, 19, 20 and 21 a re  graphs of the mea­
sured re c ip ro c a l  l i f e t im e s  versus th e  number d e n s i ty .  The s o l id  s t r a ig h t  
l in e  i s  the  es tim ated  b e s t  f i t  to  the  d a ta  p o in t s .  The e r r o r  bars  re p re ­
sen t  th e  maximum estim ated  e r r o r  in  th e  p re c is io n  o f  th e  measurements.
These measurements are estim ated  to  be accu ra te  to  w ith in  ± 6 pe r cent of 
the  given value.
Two decay curves a re  i l l u s t r a t e d  in  F i g s . ' 22 and 23 to  demonstrate 
the  p re ssu re  dependence. Both a re  o f  the  B^Z^(v' = 1) l e v e l .  Figure 21 
was obtained a t  0.12 Torr and Fig. 22 a t  0.24 Torr. The measured l i f e ­
times were 5 6 . 2  and 54 .6  nanoseconds, r e s p e c t iv e ly .
The values o f  the  l i f e t im e s ,  x, a t  zero p re s su re  are given in  
Table 9 which were obtained  from F ig s .  18, 19, 20 and 21. The quoted 
e r ro r s  are the  p re c is io n  e r r o r s .  The accuracy e r r o r  i s  ± 6 p e r  cen t .
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Table 9. Zero P ressu re  L ife t im es  and Depopulation Cross S ec t io n s  o f  th e  
(v ' = 0, k '  = 11, 19 and 31) and = 1) Levels o f  N2 .
V ' = 0
units
K' = 11 19 31
T 59.111.4* 59.2+1.4* 59.311.4* 58.5 10 ^sec
a 2.07 2.22 3.28 3.94 10"
*
E stim ated  p r e c i s io n .
1 04!>.
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Also inc luded  in  Table 9 a re  the  measured e f f e c t i v e  depopulation  c ross-  
s e c t io n s ,  0 , c a lc u la te d  from th e  same f ig u r e s .  The measured depopula­
t io n  cross sec t io n s  a g iven in  Table 9 are  n e a r ly  th e  same as the  d i f ­
fu s ion  cross  s e c t io n  o f  n i t ro g e n  (3.42x10 ^^cm^3 as ta b u la te d  in  the  
L ando lt-B om ste in  T ab les.
From F igs . 18, 19 and 20 the  approximate e r r o r  in  a measured 
l i f e t im e  due to  c o l l i s i o n a l  depopula tion  can be determ ined. At a tempera­
tu r e  of 1100 K and p re s su re s  o f  0.05 Torr or l e s s ,  th e  e r r o r  i s  le s s  than  
0 .3  nanosecond fo r  the  K' = 11, 19 and 31 r o t a t i o n a l  lev e ls  of the
= 0) le v e l .
A com pila tion  o f  the  d i r e c t  measurements o f  th e  l i f e t im e s  o f  the
B^zj^(v' = 0) le v e l  i s  given in  Table 10. The f i r s t  d i r e c t  measurements
(41were performed by Bennett and Dalby. They used in te r f e r e n c e  f i l t e r s  
to  re so lv e  the  em itted  r a d ia t io n  from the  e x c i te d  gas. The e le c t ro n  
energy dependence o f  the  l i f e t im e  which they observed was probably  due 
to  the  mixing o f  the  r a d i a t i o n  from th e  second p o s i t iv e  system in  t h e i r  
p h o to m u lt ip l ie r  tube. Consequently, they  probably  underestim ated  t h e i r  
e r ro r .  N ev erth e le ss ,  t h e i r  r e s u l t  and the  r e s u l t  o f  t h i s  work do agree 
w ith in  the  experim ental e r r o r .  Fink and Welge^^^ quote a va lue  o f  45±4 
nanoseconds as the  l i f e t im e  o f  t h i s  l e v e l .  However, a s t r a ig h t- fo rw a rd  
e x tra p o la t io n  o f t h e i r  d a ta  to  zero p re s su re  g ives a va lue  o f  59 nano­
seconds . They a lso  p robably  had a s p e c t r a l  r e s o lu t io n  problem. The 
e le c t ro n  energy dependent l i f e t im e  which they measured f o r  the  B^g*
s t a t e  approaches the l i f e t im e  o f  the  s t a t e .  A p e r s u a l  o f  t h e i r
n i t ro g en  spectrum fo r  d i f f e r e n t  energy values leads  to  the  conclusion
96
Table 10. Measured L ifetim es fo r  th e  B^Z^(v' = 0) 
Level. "
E xperim en ta lis t T(nanoseconds)
141Bennett and Dalby 65.8±3.5
Fink and Welge^^^ 45 ±4 (59)*
Sebacher^^^ 65 ±2
Fowler and H olzber le in 70 ±15
Jeunehomme^^^ 71.5±5
f91Hesser and D re ss ie r 59 ±6
Nichols and Wilson^^^^ 65.911
This work 59.214
*
Value ob ta ined  by e x tra p o la t io n to  zero p re s su re
from t h e i r  d a ta .
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t h a t  fo r  lower energ ies  the ra d ia t io n  from the s t a t e  could indeed
have dominated the  s p e c t r a l  range in  which th e  r a d ia t io n  o c c u rs .
Thus, they should have regarded the  dependency o f th e  l i f e t im e  on e lec tro n  
energy as in s tru m en ta l .  T he ir  p re ssu re  dependent l i f e t im e  o f  59 nano­
seconds agrees well w ith the  r e s u l t s  of t h i s  work.
Sebacher's^^) r e s u l t  fo r  ihe le v e l  b a re ly  agrees to  w ithin
the  quoted e r ro r  with th e  r e s u l t s  o f  th i s  work. He used a 10 KeV pulsed 
e le c t ro n  gun as the e x c i t a t io n  source. However, th e re  was not enough 
in form ation  in  the pub lished  a r t i c l e  to  comment on the  measurement. The
r e s u l t  o f  Fowler and Holzberlein^^^ agrees w ith  the  r e s u l t  o f  th i s  work, 
f 81Jeunehomme's^  ^ r e s u l t  does not agree with the  r e s u l t s  o f  t h i s  work. One
p o s s ib le  d i f f i c u l t y  he might have nad was a la rge  cascade component in
the  r a d ia t io n .  The e x c i t a t io n  pulse  he used was a r - f  d ischarge  which
ac ted  fo r  a r e l a t i v e l y  long time befo re  te rm in a tio n .  Consequently, the
long l i f e t im e  cascade components had time to  become s ig n i f i c a n t  in  the
decay curve, thus com plicating the  a n a ly s is .  A more severe  problem was
the  long c u t - o f f  time (quoted a t  25 nanoseconds) o f  h is  e x c i t a t io n  pu lse .
Early  measurements made in  t h i s  work on th e  B^E^ le v e ls  with Combinationu
System I in d ica ted  th a t  the  l i f e t im e s  weye about 70 nanoseconds. This 
va lue  was the  r e s u l t  o f  a band pass in  the  e le c t ro n ic  equipment equiva­
le n t  to  only 20 nanoseconds. A c u t - o f f  time of 25 nanoseconds could 
e a s i l y  produce a measured l i f e t im e  fo r  t h i s  lev e l  as la rg e  as 71.5 nano­
seconds, which is  Jeunehomme's repo rted  v a lue . The r e s u l t  o f  Hesser and 
C9)D re ss ie r  agrees w ell w ith  the r e s u l t  o f  t h i s  work. They used a phase 
s h i f t  technique to  measure t h i s  l i f e t im e .  This le v e l  i s  p a r t i c u l a r l y
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w ell s u i te d  fo r  measurement by a phase s h i f t  technique fo r  th e  same r e a ­
sons given a t  the beginning o f  t h i s  ch ap te r .
The l i s t e d  r e s u l t  in  Table 10 by N ichols and W i l s o n i s  added 
only f o r  completeness. In t h e i r  a r t i c l e ,  they  repo rted  only t h i s  r e s u l t  
with no d e s c r ip t io n  o f  th e  ana lys is  necessa ry  to  ob ta in  t h i s  r e s u l t .  
Consequently, no comment i s  p o s s ib le .
R o ta tiona l Level Dependency 
No previous t e s t  has been made on th e  p o ss ib le  dependency of 
m olecular l i f e t im e s  on th e  r o ta t i o n a l  l e v e l s  o f  a given v ib r a t io n  le v e l .
The theory  p re d ic t s  (see Chapter I I )  th a t  th e  r o ta t io n a l  l i f e t im e s  should 
remain n e a r ly  c o n s tan t ,  with a p o ss ib le  sm all change due to  the  frequency 
term in  the  t r a n s i t i o n  p r o b a b i l i t i e s .  The r o t a t i o n a l  l i f e t im e s  o f  the  
B^e^Cv ' = 0) le v e l  were examined to  t e s t  th e  v a l i d i t y  o f  these  assump­
t io n s  by m onitoring th e  ra d ia t io n  decay o f  th e  B^E^(v' = 0)^X^Eg(v'* = 0) 
t r a n s i t i o n .
In Fig. 17, a spectrogram o f  the  3914& band i s  reproduced to
demonstrate the  r o ta t io n a l  s t r u c tu r e  o f th e  B^E^(v' = 0) le v e l .  Thisu
spectrogram was obtained by monitoring the  em itted  ra d ia t io n  only  w ith in  
-25 and +50 nanoseconds o f  th e  time o f c e s sa t io n  o f  the e x c i t a t io n  in  the 
in v e r t ro n .  For t h i s  reason , i t  i s  r e f e r r e d  to  as a time dependent spectrum. 
The o r ig in a l  d a ta  was co rrec ted  fo r  the  double photon e f f e c t  w ith  th e  use 
of Eq. (52) and (56). Figure 17 i s  the  p l o t  o f  the  co rrec ted  r e s u l t s .  The 
r o t a t i o n a l  lev e l  which produces the l in e s  a re  labe led . The P branch i s  
only p a r t l y  re so lv ed , so th a t  branch i s  n o t  a l l  labe led . All th e  l i f e t im e  
measurements were made on the  R branch. The arrow notes a change in  the
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s l i t  width o f  th e  monochromator. The a l t e r n a t in g  in t e n s i t y  s t r u c tu r e  
dem onstrated in  t h i s  f ig u re  i s  c h a r a c t e r i s t i c  o f  I s t a t e s  o f  homonuclear 
m olecules. The envelope o f  th e  maximum peaks (with the  exception  o f  
K' = 23) i s  a simple r e s u l t  o f  the  gas tem perature  and the  le v e l  s t a t i s ­
t i c a l  w eight. The K' = 23 le v e l  i s  overlapped by th e  bandhead (3884.3^) 
o f  the  b2e^ ( v ' = 1) - X^Zg(v" = 1). The e x is ten c e  o f  t h i s  le v e l  was 
f o r tu i to u s .  I t  was d i f f i c u l t  apd ted io u s  to  a d ju s t  the  monochromator on 
a p a r t i c u l a r  l in e .  However, th e  re fe ren ce  o f fe re d  by the  3884.3^ t r a n s i ­
t io n  p lus  th e  a l t e r n a t in g  i n t e n s i t y  p a t te r n  o f  th e  l in e s  g r e a t ly  f a c i l i ­
t a t e d  th e  monochromator ad justm ent.
The p re s su re  dependent r e s u l t s  p re v io u s ly  desc ribed  o f  th e  
le v e l  in d ic a te d  th a t  c o l l i s i o n a l  depopulation  e f f e c t s  would change th e se  
l i f e t im e s  by le s s  than 0 .3  nanoseconds a t  p re s su re s  o f 0.05 Torr o r  l e s s .  
All o f  the  r e s u l t s  now to  be d esc r ib ed  were o b ta ined  from d a ta  taken  a t  
p re ssu re s  lower than t h i s  va lu e .
T h i r ty -n in e  measurements o f  th e  l i f e t im e s  o f  various  r o t a t i o n a l  
le v e ls  from K' = 7 to  K' = 35 were made. F igures 24 to  28 a re  p lo t s  of 
the  m ultichannel analyzer outpu t o f  some o f  th e se  measurements, (A ll 
measurements were made with Combination System V.) A sho rt  e x c i t a t io n  
pu lse  was used to  minimize any p o s s ib le  long cascade components. As 
can be seen in  the  f ig u r e s ,  only a small p a r t  o f  the  curve is  due to  any­
th in g  o th e r  than  the one ex ponen tia l  decay.
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Figure 25, Decay Curve of the =0, K' = 15) Level.
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Figure 26. Decay Curve of the = 0, K' = 17) Level.
103
10,000
r  = 58.2 nanoseconds
1000
100
500 100 150 200 250
CHANNEL NUMBER (1.8 NANOSEC PER CHANNEL)
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Since the  measurements extended over a few days, th e  system was 
r e c a l i b r a t e d  s ix  times w ith re sp ec t  to  the  e f f e c t iv e  number o f  nano­
seconds p e r  channel. Table 11 gives the  average va lues  o f  th e  measured 
l i f e t im e s  f o r  th e  l i s t e d  ranges o f  K '. The quoted e r r o r  i s  one s tandard  
d e v ia t io n .  (<2.5p e r  cent) The number o f  measurements fo r  each range of 
K' i s  a lso  given in  Table 11.
Within th e  e r r o r  o f  the  measurements, the  r e s u l t s  in d ic a te  no 
dependency o f  l i f e t im e  on r o t a t i o n a l  l e v e l .  Since th e  measurements were 
made with d i f f e r e n t  tim e c a l i b r a t i o n s ,  th e  r e p r o d u c ib i l i ty  o f  th e  e x p e r i­
ment i s  ap p aren tly  good.
In an attem pt to  analyze th e  d a ta  fo r  very  sm all dependencies of 
the  l i f e t im e s  on th e  r o t a t i o n a l  l e v e l s ,  a d i f f e r e n t  comparison was made. 
Only the  two ranges , K' = 15 - 20 and K' = 30 - 35, were compared. The 
va lues  in  one range were compared to  th e  va lues  in  th e  o th e r  range only 
fo r  measurements made w ith  the  same abso lu te  c a l i b r a t i o n .  The t o t a l  
average d i f f e r e n c e  (D^) was then c a lc u la te d  from the  d i f f e r e n c e s  (Di) in  
the  values fo r  a given ab so lu te  c a l i b r a t io n  c o n d it io n ,
E.D.
D. = 1 1A n
The t o t a l  number o f  d i f f e re n c e s  was n. The c a lc u la te d  r e s u l t  i s  as 
fo llow s.
= 0.35 ± 0.71 nanosecond. (62)
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Table 11. R o ta t io n a l  L ife tim es o f  the  = 0) Level o f  Ng.
K' le s s  14 15-20 21-25 30-35
T (nanosec) 
#
59.611.4
6
58.510.8
16
59.510.3
4
59.510.9
13
Table 12, V ib ra t io n a l  T ra n s i t io n  P r o b a b i l i t i e s  o f  the
- X^LgCv”) T r a n s i t io n s .
ll.yôxlO^sec"^ 6.39 X lessee ^
1 4.07 3.90
2 .830 4.41
3 .158 1.73
4 ?  .067 .041
v"=4
I  = .026 
v"=5
59.2 nanoseconds 58.5 nanoseconds
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One s tan d a rd  d e r iv a t io n  o f  th e  d i f f e r e n c e s  i s  0 .71 . In Eq. (62) a p lu s  
va lue  in d ic a te s  a longer l i f e t im e  fo r  th e  l a r g e r  v ib r a t io n a l  quantum 
number. From the  c a lc u la te d  r a t i o s  o f  th e  l i f e t im e s  ta b u la te d  in  Table 
1, the  va lue  o f  should  be -0 .95 nanosecond, which d isag ree s  with th e  
r e s u l t s  in  Eq. (62) by more than  one s tan d a rd  d e r iv a t io n .
The r e s u l t s  d isp la y ed  by Eq. (62) i n d ic a te  t h a t  the  l i f e t im e  
does n o t  depend upon th e  r o t a t i o n a l  l e v e l ,  in  agreement w ith  th e  ap­
proxim ations used to  o b ta in  Eq. (16). The frequency c o r re c t io n s  tab u ­
la te d  in  Table 1 do n o t  ag ree  w ith  the  r e s u l t s  d isp la y ed  by Eq. (62).
A sm all coupling o f  th e  v ib r a t i o n a l  and r o t a t i o n a l  motion probably  ac­
counts fo r  th e  d iscrepancy . From a p r a c t i c a l  p o in t  o f  view, t h i s  sm all 
e f f e c t  w i l l  be o f  n e g l ig ib l e  importance in  energy t r a n s p o r t  c a lc u la ­
t i o n s ,  s ince  th e  experim enta l e r ro r s  o f  a l l  ab so lu te  values o f  l i f e t im e s  
ob ta in ed  from d i r e c t  measurements a re  much l a r g e r  than th i s  r e l a t i v e l y  
sm all frequency e f f e c t .  Consequently, a l i f e t im e  ob ta ined  by m onito r ing  
th e  r a d ia t io n  in  th e  bandhead i s  a u s e fu l  param eter  to  use as th e  l i f e ­
time o f  a l l  th e  r o t a t i o n a l  le v e ls  in  the  v ib r a t io n a l  le v e l  under observa­
t io n .
The t r a n s i t i o n  p r o b a b i l i t i e s  (A) fo r  th e  v '  = 0 and 1 le v e l s  o f
a re  given in  Table 12. The r e l a t i v e  i n t e n s i t i e s  used in  Eq. (5) to
c a lc u la te  th e  t r a n s i t i o n  p r o b a b i l i t i e s  o f  Table 12 were taken from re c e n t
(35)e le c t r o n  beam measurements. The sum term  l i s t e d  in  Table 12 was de­
term ined from the  Franck-Condon fa c to r s  given by N i c h o l s . T h e  l i f e ­
times used fo r  these  c a lc u la t io n s  a re  g iven in  Table 12 beside  t .
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R o ta tio n a l  Temperature o f  3914% Band of
To t e s t  fo r  th e  c o r r e l a t i o n  between th e  tem peratu re  o f  th e  cathode 
and the  tem peratu re  o f  the  gas , measurements were made on th e  r o ta t io n a l  
tem perature  o f  th e  3914% Band o f  N^, which r e s u l t s  from th e  B^E^fv' = 0) 
to  X^Z^(v" = 0) t r a n s i t i o n .  Im p l ic i t  in  th e  fo llow ing d is c u s s io n  i s  the 
assumption th a t  the r o t a t i o n a l  Boltzmann d i s t r i b u t i o n  corresponds to  a 
tem perature  which i s  equal to  the  k i n e t i c  tem perature  o f  th e  gas.
F igure  17 i s  a spectrogram  o f  the  3914^ Band em itted  from the  
pu lsed  in v e r t ro n .  The r e s u l t s  were c o r re c te d  f o r  double photon d i s t o r ­
t io n .  Since th e  spectrum was taken w ith in  100 nanoseconds o f  th e  i n ­
v e r tro n  c u to f f  p u ls e ,  th e  em itted  l i g h t  i n t e n s i t y  i s  due almost e n t i r e l y  
to  d i r e c t  e le c t ro n  e x c i t a t io n  o f  th e  e x c i te d  l e v e l .
The number o f  p a r t i c l e s  in  a g iven r o ta t i o n a l  band depends upon 
th e  tem perature  o f  th e  gas. For thermodynamic eq u i l ib r iu m , Herzberg has 
derived  th e  fo llow ing  equation . The r o t a t i o n a l  tem perature  o f  th e  R 
branch o f th e  3914& t r a n s i t i o n  may be measured from th e  fo llow ing  equa-
I . , *  B K '(K '+ l)hc
l o g ( ^ )  = A  jjf------------- . (63)
D
i s  th e  photon i n t e n s i t y  in  th e  R branch which o r ig in a te s  from the  
K’ r o t a t i o n a l  l e v e l ,  A i s  a c o n s ta n t ,  B^, i s  th e  v ib r a t io n a l  sp ec tro sc o p ic  
param eter , T^ i s  the  r o ta t i o n a l  tem p era tu re ,  c i s  th e  speed o f  l i g h t ,  and
h and k a re  P la n c k 's  and Boltzmann's c o n s ta n ts ,  r e s p e c t iv e ly .  F igure  29 
2K'
IK,*
is  a p lo t  versus  K'(K' + 1) o f  bo th  the  maximum and minimum peaks of
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Figure 29. R o ta tiona l In te n s i ty  Dependence o f  th e  3914 S Band 
o f  N+ (0.04 T orr) .
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th e  spectrum in  Fig . 17. A p lo t  o f  th e  same param eters  o f  only th e  maxi­
mum peaks i s  given in  Fig. 30 under ano ther s e t  o f  c o n d i t io n s .  The ano­
malous peaks a t  K'(K' + 1) equal to  552 and 600 a re  due to  th e  3884.sS 
bandhead o f  th e  B^z^Cv' = 1) to  X^z^Cv' = 1) t r a n s i t i o n  in  N*.
Table 13 gives the  experim ental cond itions  and th e  r e s u l t s  ob­
ta in e d  from F igs . 29 and 30. P i s  th e  p re s su re  in  th e  in v e r t r o n .  T^ i s  
th e  b r ig h tn e s s  tem perature  o f  th e  in v e r t ro n  as measured w ith  an o p t ic a l  
pyrom eter which had been c a l i b r a t e d  ag a in s t  a tu n g s ten  lamp. T^ i s  th e  
r o t a t i o n a l  tem perature  ob ta ined  from the  s lope  o f  th e  l in e s  in  F ig s .  29 
and 30. The reasonab le  agreement between th e  r o t a t i o n a l  tem peratu re  and 
the measured tem perature  agrees w ith  the  assumption t h a t  th e  cathode 
b r ig h tn e s s  tem perature  and gas k i n e t i c  tem perature  are th e  same. I f  one 
assumes t h a t  th e  em is s iv i ty  o f  the  cathode i s  u n i ty ,  then  th e  above mea­
surements in d ic a te  th a t  th e  r o t a t i o n a l  tem perature  i s  th e  t r u e  tempera­
tu re  o f  th e  gas . Conversely, i f  one assumes t h a t  T^ o f  Eq. (63) i s  the  
t ru e  tem p era tu re ,  then t h i s  in d ic a te s  t h a t  th e  e m is s iv i ty  o f  th e  cathode 
i s  one. Since th e  b r ig h tn e ss  tem peratu re  of th e  cathode was measured on 
the  in s id e  p a r t  o f  the  in v e r t ro n ,  the  c av ity  e f f e c t  o f  th e  c y l in d r i c a l  
cathode approximates a b lack  body. The d i f f e r e n c e  between the  b r i g h t ­
ness tem peratu re  and t ru e  tem perature  o f  a r a d ia t in g  body with an emis­
s i v i t y  o f  only 0 .3  i s  about 50° K a t  1100° K. Since th e  e m is s iv i ty  o f  
the  in v e r t ro n  cathode i s  probably  more than  0 .3 ,  th e se  measurements i n ­
d ic a te  t h a t  the  r o ta t io n a l  tem perature  o f  th e  3914& Band i s  about 5 p e r  
cen t l e s s  than  th e  t ru e  tem pera tu re .
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Figure 30. R o ta t io n a l  I n te n s i ty  Dependence o f  the  3914 R Band
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1 1 2
Table 13. Comparison o f R o ta t io n a l  Temperature (TLJ 
and Brightness Temperature (Tg)
P Torr TR°K Tb°k
Figure 29 
Figure 30
0.05
0.4
1052
1068
1078
1123
P re d is s o c ia t io n of b^ II (v ' u = 0) Level o f Ng
The i n i t i a l  goal of these  measurements was to  determine th e  im­
portance o f  those  r a d i a t i o n s ,  which are  c a l l e d  the  B irge-H opfie ld  bands, 
in  energy t r a n s p o r t  in  n i t ro g en .  The l i f e t im e s  o f  th e  upper le v e l s  o f  
the  B irge-H opfie ld  bands a re  parameters which a re  necessary  to  d e sc r ib e  
the  energy t r a n s p o r t .  Since the  B irge-H opfie ld  bands which o r ig in a te  
on the  b^n^(v ' = 1) le v e l  are in  the vacuum u-v  (1050 - 143bS ) , th e  in -  
v e r t ro n  was connected to  a vacuum u-v monochromator. (See energy le v e l  
diagram in  F ig . 8 .)  The l i f e t im e s  o f  th e se  le v e ls  was expected to  be 
about one nanosecond. Thus the very ra p id  c u t - o f f  pu lse  o f  Combination 
System VI was b e l ie v e d  necessary  fo r  th e se  measurements. (Indeed, the  
system was o r ig i n a l l y  designed to  make th e se  measurements.)
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The in v e r t ro n  was f i r s t  connected to  th e  vacuum u l t r a v i o l e t  
monochromator w ith  a s tandard  double s l i t  arrangement. The f i r s t  s l i t  
was used as a pump s l i t  and the  second s l i t  was used as th e  en tran ce  
s l i t  to  th e  spec trograph . The reg io n  between the  two s l i t s  was pumped 
to  m ain ta in  a d i f fe re n c e  o f  p re s su re  i n  the  monochromator and th e  i n ­
v e r t ro n .  The e x c i t a t io n  v o ltag e  to  th e  in v e r t ro n  was gen era ted  w ith a 
mercury sw itch  system.
F i r s t ,  the emission spectrum o f  hydrogen was observed between 
ISOO-IOOOX. Lyman-o and Lyman-6, p lu s  th e  m u l t i l in e  fam ily  o f  th e  hydro­
gen m olecule, were re a d i ly  observed when hydrogen was adm itted  to  the  in ­
v e r t ro n .  When n it ro g en  was adm itted  to  the  in v e r t ro n ,  only th e  n i t ro g en  
atomic spectrum was d e te c ta b le  in  t h i s  reg ion . In o rd e r  to  a ssu re  th a t  
the b^n^ em ission spectrum was n o t  absorbed in  th e  space between th e  i n ­
v e r tro n  and the  s l i t s ,  o r  in  th e  monochromator, s e v e ra l  th in g s  were done. 
The spec trog raph  was c leaned, new s e a ls  were pu t in  p la c e ,  th e  pump o i l
was re p la c e d ,  and a new g ra t in g  was ob ta ined . A LiP window was used i n ­
s tead  o f  the  d i f f e r e n t i a l  pump s l i t  to  allow the  sh o r te n in g  o f  th e  length  
between th e  in v e r t ro n  and e n tran ce  s l i t .  The e x c i t a t i o n  p u ls e  was changed 
to  one genera ted  by a r e a l  c o ax ia l  cab le . (Combination System V). This 
allowed f o r  s h o r te r  pu lse  widths to  e l im in a te  the  p o s s i b i l i t y  o f  b u i ld  up 
o f  the  h ig h e r  v ib ra t io n a l  l e v e l s ,  which might then absorb the  r a d ia t io n  
from th e  b^R^ s t a t e s .  In a d d i t io n ,  a gas flow system was employed to  a s ­
sure t h a t  th e  gas in  the  in v e r t ro n  would be rep laced  between e x c i t a t i o n  
p u l s e s .
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With th e se  changes, a survey o f  the  r a d ia t io n  from th e  in v e r tro n  
was again  undertaken . F i r s t ,  the  dark c u r re n t  o f  the  p h o to m u lt ip l ie r  
was measured and was found to  correspond to  an e f f e c t i v e  0.005 counts 
p e r  e x c i t a t io n  pu lse  to  the  in v e r t ro n .  The counts he re  r e f e r  to  the  
number o f  s in g le  e le c t ro n s  o r ig in a t in g  a t  the  photocathode o f  th e  photo­
m u l t i p l i e r  during the  time increm ent o f  100 nanoseconds. This time i n ­
crement was lo ca ted  from 20 nanoseconds b e fo re  to  80 nanoseconds a f t e r  
the  e x c i t a t io n  pu lse  to  the  in v e r t ro n  was s topped . In th e  case o f  the 
dark c u r re n t  measurements, each p u lse  may correspond to  more than  one 
e le c t ro n  a t  the photocathode. In the  measurement o f  th e  count r a te s  due 
to  p h o to e le c t ro n s ,  th e  p r o b a b i l i t y  o f  a double e le c t ro n  p u lse  can be 
d is reg a rd ed  fo r  the co n d itio n s  to  be c i te d .
At a  re s o lu t io n  o f  3 .5  X on the  vacuum u l t r a v i o l e t  monochromator, 
th e  r a d ia t io n  from th e  2p^(^P)3s ->2p^ t r a n s i t i o n  a r ray  o f  the  
m u l t ip l e t  C- 1200 X) o f  n i t ro g e n  gave a measured ou tpu t o f  g r e a te r  than 
0 .1  counts p e r  p u lse .  The gas p re s su re  in  th e  in v e r t ro n  was 0.01 Torr. 
The a c c e le r a t in g  v o ltag e  a p p lied  to  the  in v e r t ro n  was 200 V.
Under the  same c o n d i t io n s ,  th e  s p e c t r a l  range from 1200 R to  
1300 R was c a r e fu l ly  observed. An a d d i t io n a l  atomic t r a n s i t i o n  was ob­
served  and i d e n t i f i e d  a t  1243 R. At a l l  o th e r  p o in ts  in  t h i s  s p e c t r a l  
range , th e  output count r a t e  was n e a r ly  co n s tan t  and about tw ice the  
dark c u r re n t  r a t e .  The monochromator was s e t  a t  1258 R ,  a p o in t  o f  an 
expected t r a n s i t i o n  from the  b^n^ s t a t e .  A decay curve was ob ta ined  a t  
t h i s  wavelength. Although the  curve had co n sid e rab le  n o is e  superimposed 
on i t ,  a l i f e t im e  of roughly  60 nanoseconds was ob ta ined .
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The uniform count r a t e  observed between 1200 & and 1300 R was 
probably due to  a very  low le v e l  o f  s c a t t e r i n g  in  the  monochromator of 
the  1st Negative system o f  and the  2nd P o s i t iv e  system o f  which 
have a measured l i f e t im e  o f  59 and 39 nanoseconds, r e s p e c t iv e ly .
A s im i l a r  exam ination was undertaken in  the  s p e c t r a l  range 1000 
to  1100 8 w ith  s im i l a r  r e s u l t s :  no d e te c ta b le  em ission from the  b^n^.
Explanation o f  R esu lts  
For s h o r t  e l e c t r o n  e x c i t a t io n  p u lse  w id ths , the  number o f  ex­
c i te d  s t a t e s  a t  time t  i s  given by:
^ b l  " ^XO ëB Zj A(bl -X j)  [l-®xpC-t/T^) ] . (64)
i  i s  th e  c u r r e n t  in  the  beam, e i s  th e  charge o f  th e  e le c t ro n ,  B i s  the  
a rea  o f  the  beam, (T^) i s  the  l i f e t im e  o f  the  b l  l e v e l ,  a(XO-bl) i s  the  
Cross s e c t io n  fo r  e le c t ro n  e x c i t a t io n  from the  XO le v e l  to  th e  b l  l e v e l ,
i s  the  number d e n s i ty  o f  the  molecules in  th e  XO le v e l ,  and A(bl-Xj)
i s  th e  t r a n s i t i o n  p r o b a b i l i ty  from th e  b l  to  the  Xj l e v e l .  Notice th a t
l / ( T ) j  = Z. A(bl-Xj) .
The em itted  r a d i a t i o n ,  I ( b l - X j ) ,  fo r  a p a r t i c u l a r  t r a n s i t i o n
is
I (b l -X j)  = A(bl-Xj)N^j . (65)
For times longer than  T^, the  r a d ia t io n  Eq.(69 becomes approxim ately ,
"xO h . (66)
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Let b l  be th e  b^n^(V  = 1) level^^^^ and Xj be the  X^Z^Cv" = j )  le v e l  o f  
N^. From Eq. (6 4 ) ,  i t  i s  seen th a t  the  param eters a p p l ic ab le  to  a p a r t i ­
c u la r  s t a t e  are th e  cross s e c t io n  fo r  p roduc tion  and the  r a t i o  o f  th e  
t r a n s i t i o n  p r o b a b i l i ty  o f  the  p a r t i c u l a r  t r a n s i t i o n  to  th e  sum of the  
t r a n s i t i o n  p r o b a b i l i t i e s  o f  a l l  th e  p o s s ib le  t r a n s i t i o n s .  (This t r a n s i ­
t io n  p ro b a b i l i ty  r a t i o  w i l l  be r e f e r r e d  to  as the  branching r a t i o ) .  For 
the  b^n^(v ' = 1) l e v e l ,  th e re  a re  two obvious c o n tr ib u t in g  f a c to r s  to
the  in h e re n t  weakness o f  a p a r t i c u l a r  t r a n s i t i o n .  F i r s t ,  the  l a r g e s t
f 381branching r a t i o  i s  no t more than 0 .1 ;^   ^ and second, th e  c ross  s e c t io n
(39)fo r  p roduction  i s  r e l a t i v e l y  sm all.
S p e c i f ic  in form ation  may be ob ta ined  from a comparison o f  th e  
expected i n t e n s i t y  I(bl-XlO) o f  th e  b in^+ X^Z* t r a n s i t i o n s  w ith  th e  ex­
pected  i n t e n s i t y  1(1200 R) o f th e  atomic n i t ro g en  t r a n s i t i o n  which oc­
curs a t approximately 1200 R. Equation (66) leads to  the  fo llow ing r a t i o ,  
a f t e r  c a n c e la t io n  of  the  common term s:
, _ Kbi-Xio)
1(1200 A)
(67)
A(bl-XlO) a(XO-bl) ZjA(2p23s-j)
Z  ^ A(bl-Xi) a[X0-N(1200 A)] A(1200 A)
A(1200 R) i s  th e  t r a n s i t i o n  p r o b a b i l i ty  of th e  n i t ro g e n  t r a n s i t i o n  which 
gives r i s e  to  th e  =1200 R l i n e s ,  ZjA(2p^3s-j) i s  th e  sum o f  the  t r a n s i ­
t io n  p r o b a b i l i t i e s  o f  a l l  the t r a n s i t i o n s  from the  atomic le v e l  under 
d iscu ss io n ,  o[XO-N(1200 R ) ] i s  the  cross  s e c t io n  f o r  the p roduc tion  of
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the  aforem entioned atomic le v e l  from the  lowest v ib r a t io n a l  le v e l  o f  
th e  n i t r o g e n  molecule. The o th e r  terms have been p re v io u s ly  exp la ined .
The branching  r a t i o  fo r  th e  bl-XlO t r a n s i t i o n  i s  e s t im a te d  to  
be 0 . 1 . The cross s e c t io n ,  a(X O -bl), was taken  from th e  e le c t r o n  
ab so rp tio n  spec troscopy  s tu d ie s  o f  L asse ttre^^^^  e t  aZ .,  and Meyer^^^^ 
e t  a l .  From Ref. 40 th e  t o t a l  o s c i l l a t o r  s t r e n g th  f o r  a b road  energy 
range i s  given as 0.945. From Ref. 39 the  f r a c t i o n a l  p a r t  o f  th e  
o s c i l l a t o r  s t r e n g th  due to  e x c i t a t io n  to  b l  i s  e s t im ated  as 0 .012 . For 
e le c t ro n s  w ith  energy o f  200 eV, the  f r a c t i o n a l  p a r t  o f  th e  o s c i l l a t o r  
s t re n g th  corresponds to  a  c ross  s e c t io n ,  v ia  th e  Born approx im ation :^
a(XO-bl) = 8.1*10'^®cm^ .
As a check, the  r a t i o  o f  the  C^n^(v' = 0) cross  s e c t io n  to  th e  b l  c ross
(42)
s e c t io n  i s  taken from Skerbele  e t  a l .  With t h i s  r a t i o  and r e c e n t ly  
measured c ro ss  se c t io n s  fo r  th e  C^n^(v’ = 0) l e v e l , t h e  c ro ss  s e c t io n  
i s  c a lc u la te d  w ith  th e  Born Approximation to  be a t  200 eV,
a(XO-Bl) = 7.5*10"^®cm2 .
The in d iv id u a l  terms in  Eq. (67) r e l a t i v e  to  atomic n i t r o g e n  are 
not o b ta in a b le ,  b u t  a measureable r a t i o  can be formed from Eq. (66) to  
o b ta in  th e  product o f  th e  atomic n i t ro g e n  term s.
_ 1(1200 &)
I J ~ 1[H(2P-1S)]
(68)
A(1200 X) o[X0-N(1200)l ^XO A(2P-1S)
ZjA(2p23s- j)  0[H2-H(2P)]  Z^A(2P-k) '
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I[H(2P-1S)] i s  the  i n t e n s i t y  of th e  atomic hydrogen t r a n s i t i o n  2P-1S, 
o[H2 -H ( 2 P)] is  the  c ross  s e c t io n  fo r  p ro d u c tio n  o f the  e x c i te d  atomic 
le v e l  2P from m olecular hydrogen, i s  the  number d e n s i ty  o f m olecular 
hydrogen in  th e  in v e r t ro n ,  A(2P-lS)/Z^A(2P-k) i s  the  branching r a t i o  fo r  
the  atomic hydrogen t r a n s i t i o n ,  and the o th e r  terms a re  the  same as p re ­
v io u s ly  de fin ed . N otice  th a t  only the  r e l a t i v e  number d e n s i ty  of 
m olecu lar  n i t ro g e n  to  the  number d e n s i ty  of m olecular hydrogen i s  needed.
I t  i s  p o s s ib le  to  w r i te  a r a t i o  s im i la r  to  Eq. (67) and (68) be ­
tween the  m olecular n i t ro g e n  t r a n s i t i o n  and the  atomic hydrogen t r a n s i ­
t io n .  This was no t done because o f  experim ental n e c e s s i ty .  The mole­
c u la r  hydrogen r a d ia t io n  i s  s tro n g  in  th e  reg ion  where the  m olecular n i ­
trogen  t r a n s i t i o n s  r a d i a t e .  Only the  atomic n i t ro g e n  r a d i a t i o n  was 
s t ro n g  enough to  be d is t in g u is h e d  e a s i ly  from the  hydrogen ra d ia t io n .
The th re e  terms r e l a t i n g  to  atomic n i t ro g e n  may be e l im in a te d  from Eq. 
(67) and (68) and a p re d ic te d  va lue  f o r  R(l) o b ta in ed .  The cross s e c t io n  
fo r  th e  r e a c t io n
+ e + H*(2P) + e ,
i s  taken  from the  r e s u l t s  o f  F i te  and Brackman^^^^ to  be 8.0x10 ^®cm^  a t  
200 eV. With the  above mentioned va lue  o f  th e  pa ram ete rs ,  p lu s  th e  ob­
served  r a t i o  o f  atomic hydrogen and atomic n i t r o g e n ,  in  the  in v e r t ro n ,  
R(l) has a p re d ic te d  value  o f  g r e a te r  than 1 .0 . But the  observed value  
o f  R (l)  was le ss  than  0 .1 .  An in c o r r e c t  value f o r  the  branching  r a t i o  
o f  th e  bl-XlO t r a n s i t i o n  i s  the  most l i k e ly  ex p lan a tio n  f o r  t h i s  d i s c r e ­
pancy. The v ib r a t io n a l  le v e l s  o f  the  b^n^ s t a t e  above 1 d e f i n i t e l y  a re
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known to  p r e d is s o c ia te  e i t h e r  in to  th e  ground le v e l  o f  atomic n i tro g en  
o r  i n to  th e  f i r s t  e x c i te d  l e v e l .  Energy c o n s id e ra t io n s  allow th e  v '  = 1 
le v e l  to  d i s s o c ia te  a l so  in to  the  same above mentioned atomic n i t ro g en  
l e v e l s ,  although e v id e n t ly  not to  as h igh  a degree as i s  th e  case with 
v '  g r e a te r  than 1.
T here fo re , the  conclusion i s  th a t  th e  branching r a t i o
A(bl-XlO)
E^A(bl-Xi)
used in  Eq. (67) does no t in  f a c t  c o r r e c t ly  de sc r ib e  the  b l  l e v e l .  The 
sum in  th e  denominator o f  th e  branching r a t i o  must a lso  in c lu d e  the  d i s ­
s o c ia t io n  t r a n s i t i o n  p ro b a b i l i ty .  The r e s u l t s  in d ic a te  th a t  th e  prob­
a b i l i t y  o f  d i s s o c ia t io n  of the  b^IT^(v' = 1) le v e l  i s  over te n  tim es as 
la rg e  as the  p r o b a b i l i ty  o f  spontaneous em ission of the  same le v e l .
This i s  ano ther way of saying th a t  the  branching  r a t i o  fo r  spontaneous 
emission o f t h i s  le v e l  i s  never g r e a te r  than  0.01 fo r  any given band.
The l i f e t im e  o f  th e  s t a t e  i s  n o t  the  c o r re c t  param eter to  
use to  c a lc u la te  the  absorp tion  c o e f f i c i e n t  o f  the ground s t a t e  n i t ro g en  
molecule. The work o f  M e y e r e t  a t .  and H u f f m a n e t  a t .  p o in t  out 
c l e a r ly  th a t  th e  major absorp tion  c o e f f i c i e n t s  a re  due to  th e  v ib r a t io n a l  
le v e ls  o f  the  h^JI^ s t a t e  above v ' = 1. I t  i s  only the  v '  = 1 le v e l  which 
has ever been observed in  emission; thus th e  l i f e t im e  o f only the  v '  = 1 
le v e l  can be measured, a t  b e s t .  Since t h i s  le v e l  a lso  p re d i s s o c ia te s  
p r e f e r e n t i a l l y ,  i t s  l i f e t im e  cannot lead to  a c o rre c t  va lue  fo r  th e  ab­
so rp t io n  c o e f f i c i e n t  from the ground le v e l  o f  N2 .
1 2 0
The ab so rp tio n  o s c i l l a t o r  s t r e n g th s  f o r  the  s t a t e  have been
measured by L a w r e n c e e t  a l .  fo r  photon a b so rp t io n ,  and by L a s se t t r e  
e t  a t . (39)40,41) e le c t ro n  energy a b so rp t io n .  The r e s u l t s  a re  given 
in  Table 14. The zero v ib r a t io n a l  le v e l  o f  i s  the  lower le v e l  fo r  
every t r a n s i t i o n .  In Table 14, a v ' = 0 i s  l i s t e d .  This le v e l  was o r i ­
g in a l ly  des igna ted  as the  j^E^fv ' = 0) by Worley. With th e  new v ib ra -
(371t i o n a l  assignment o f  Ogawa e t  a t .  th e re  i s  a d d i t io n a l  reason  to  be­
l ie v e  t h a t  the  j^E^^v' = 0) le v e l  i s  the  r e s u l t  o f  a s tro n g  in te r a c t io n  
between the  v ' = 0 o f  th e  b^ir^ and ano ther l e v e l .  For com pleteness, a 
v ' = 5 and v ' = 6 i s  l i s t e d .  Again th e se  le v e ls  a re  most l i k e ly  the  r e ­
s u l t  o f  e le c t ro n  s t a t e  i n t e r a c t i o n .  The n o ta t io n  given a f t e r
the  v ib r a t io n  numbers i s  th a t  used o r ig i n a l ly  by W o r l e y . For com­
p a r is o n ,  the  p ' iE * (v '  = 0) le v e l  is  a lso  in  Table 14. This i s  the  
s t ro n g e s t  absorbing le v e l  o f  the  n i t ro g en  molecule which has been ob­
served .
The o s c i l l a t o r  s t r e n g th  l i s t e d  under f^  a re  ob ta ined  from the 
work o f  L a s s e t t r e  e t  a l .  (39,40,42) g^cept f o r  v '  = 5 and v '  = 6. For 
v ' = 5 ,  the  o s c i l l a t o r  s t r e n g th  was ob ta ined  from the  r e l a t i v e  values 
re p o r te d  by L a w r e n c e e t  a l .  to  have been ob ta ined  from J .  Geiger and 
B. Schroder as p r iv a t e  communication. This r e l a t i v e  va lue  was then  n o r ­
m alized to  L a s s e t t r e ' s  value by comparison to  v ' = 4. For v ' = 6, only 
a rough e s t im ate  i s  o b ta in ab le  from the  p u b lish ed  r e s u l t s  o f  L a s se t t re  
e t  aZ. and Geiger and S t ic k e l (^ ^ ^ .  The value given in  Table
14 o f  v '  = 6 i s  good as an upper l i m i t .  A ll o f  the  va lues  l i s t e d  in
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Table 14. O s c i l l a to r  S tren g th s  and E lec tro n  E x c i ta t io n  Cross 
S ec tions  f o r  the  S ta te s  o f  .
f ( a )  f  (b) (b)
v '= 0 ( j l z * )  991.85 8 - .003 2. xlO'^^cm^
v '= l  985.65 R - .012 8.1
=2 978.87 K - .025 20.
=3 972.1 & 0.02 .05 40.
=4 965.63 R 0.055 .09 73.
=5CS.^n^) 960.21 R 0 .04 .06^^^
=6(£^n ) 955.08 # - C 0 .0 3 ) (c)
v'=OCp'l%y) 958.17 R 0.14 0 .2 162.
(a) Ref. 46.
(b) Ref. 39, 40, and 42,
(c) See t e x t  f o r  d is c u s s io n .
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Table 14 under f  as measured by L a s se t t re  e t  a l . a r e  in  agree-
C47)ment w ith  the r e l a t i v e  r e s u l t s  of Geiger and S t i c k e l .
Lawrence e t  a l .  were ab le  to  show t h a t  in  the  e a r l i e r  work 
o f  Huffman e t  a l .  the  product o f  ab so rp tio n  pa th  and p re s su re  was 
too  la rg e .  An a d d i t io n a l  problem in h e ren t  in  u s in g  any r a d ia t io n  source 
o th e r  than a b lack  body in  photon abso rp tion  s tu d ie s  i s  the  p o s s i b i l i t y  
t h a t  the  source i s  a lso  an e m i t te r  o f  monochromatic e n e rg ie s .  When th e  
abso rp tion  l in e  width i s  narrower than the  r e s o lu t io n  o f  the  s p e c t ro ­
graph, s i g n i f i c a n t  e r r o r s  can r e s u l t  from a source  which i s  no t a con­
tinuum. For the  b^n^(v ' = 3) to  x^Z^(v'* = 0) t r a n s i t i o n ,  the  r e s o lu t io n  
o f  Lawrence e t  a l .  appears to  be b e t t e r  than th e  l in e  w idth. One o f  the  
d i f f i c u l t i e s  in  unders tand ing  t h e i r  r e s u l t s ,  though, i s  th a t  the  v ' = 3
le v e l  o f  b^n i s  more d i f f u s e  than the  v ’ = 4 l e v e l .  That th e se  le v e ls  u
are  d i f fu s e  c l e a r ly  in d ic a te s  p r e d is s o c ia t io n ,  bu t the  degree o f  d i f f u s e ­
ness i s  rev e rsed  from t h a t  expected.
The cross s e c t io n  r e s u l t s  of L a s s e t t r e  e t  a l .  a re  in  good agree­
ment with  the  cross s e c t io n  r e s u l t s  o f  S t a n t o n . T h i s  lends c r e d i b i l ­
i t y  to  the  abso lu te  va lue  o f  th e  cross  s e c t io n s  o f  L a s se t t r e  e t  a l  . How­
e v e r ,  the  a ttem pt to  use th e  r e s u l t in g  g e n e ra l iz e d  o s c i l l a t o r  s t r e n g th  a t  
zero  momentum change as the  o s c i l l a t o r  s t r e n g th  f o r  photon abso rp tion  
r e s t s  on a somewhat tenuous foundation . Indeed, the  only f i n a l  j u s t i f i ­
c a t io n  fo r  doing so would be good agreement w ith  abso rp tion  measurements.
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C rit ic ism
The work o f  Lawrence e t  a l .  s e t s  a lower l im i t  on the  va lu e  of 
the  o s c i l l a t o r  s t re n g th  due to  l in e  ab so rp tio n  s a tu r a t i o n .  This i s  a 
r e s u l t  o f  th e  e f f e c t iv e  s l i t  width o f  th e  monochromator being  w ider 
than th e  abso rp tion  l i n e  w idth . I t  i s  then p o s s ib le  to  u se ,  u n in te n t io n ­
a l l y ,  an abso rp tion  path  leng th  which i s  to o  long o r a p re s su re  which i s  
too h ig h . The r e s u l t  i s  a measured o s c i l l a t o r  s t re n g th  which i s  sm a l le r  
than th e  t ru e  o s c i l l a t o r  s t r e n g th .
The values o f  the  o s c i l l a t o r  s t r e n g th s  l i s t e d  in  Table 14 which 
were taken from th e  work o f  L a s se t t r e  e t  a l .  re p re se n ts  an upper l i m i t .  
When S ta n to n 's  r e s u l t  was p rev ious ly  compared to  L a s s e t t r e ' s  r e s u l t ,  
th e re  was very c lo se  agreement, but S tan ton  measured th e  a b so lu te  value 
o f  th e  apparent e le c t ro n  cross s e c t io n .  The value  o f th e  t r u e  (cascade 
f ree )  c ross  s e c t io n  has as i t s  upper l im i t  th e  value o f  th e  apparen t 
cross s e c t io n .  Thus, w ith  S ta n to n 's  work used as a r e fe re n c e ,  the  o s c i l ­
l a t o r  s t re n g th s  taken  from L a s s e t t r e ' s  work a re  an upper l im i t  to  the  
c o r re c t  va lue.
O bservations on the  b '^Z* S ta te  o f  N.u 2
Since the  b'^Z* s t a t e  r a d ia te s  in  th e  same s p e c t r a l  range as the  
b^n^ s t a t e ,  i t  was a lso  looked f o r ,  b u t  was n o t  found e i t h e r .  For sh o r t  
p u lse  co n d i t io n s ,  t h i s  now appears as a reasonab le  r e s u l t .  Indeed, the  
v ib ra t io n  le v e ls  0, 2, and 3 o f  the b ' s t a t e  have not been observed  in  
photon a b s o r p t i o n o r  e le c t ro n  energy loss^^^ '^^^  s p e c t r a  from the 
ground v ib r a t io n a l  le v e l  o f  the  s t a t e .  I t  i s  p o s s ib le  t h a t  the
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V = 1 le v e l  o f  th e  b ' s t a t e  has been observed in  a photon ab so rp tio n  
s p e c t r a , b u t  i t  was very weak. The la rg e  o f f s e t  o f  th e  b '  minimum^^®^ 
o f  p o t e n t i a l  energy from th e  ground s t a t e  minimum produces such small 
Franck-Condon f a c to r s  as to  l im i t  s ev e re ly  the  p r o b a b i l i ty  o f  t r a n s i t i o n  
between th e  lower v ib r a t io n a l  l e v e l s .  From Ref. 49, a maximum value  fo r  
the  o s c i l l a t o r  s t r e n g th  o f  the  v ib r a t i o n a l  le v e ls  o f  th e  b ' s t a t e  may be 
ob ta ined . (None o f  the  p re s e n t ly  p u b lish ed  d a ta  on photon abso rp tion  
f o r  the  band system o f  th e  b ' s t a t e  should  be used to  o b ta in  r e l a t i v e  
o s c i l l a t o r  s t r e n g th s  due to  the  s a tu r a t i o n  e f f e c t s  p re v io u s ly  mentioned 
in  th e  d is c u s s io n  o f  th e  b ^ ^  s t a t e  o f  Ng.) Only th e  v = 7 le v e l  o f  th e  
b '  s t a t e  i s  d e te c ta b le  in  the  e le c t ro n  energy loss  spectrum  of Ref. 49.
An o s c i l l a t o r  s t r e n g th  o f  about 0.01 may be ass igned  to  t h i s  t r a n s i t i o n ,  
b 'l% * (b ' = 7) -<-X^Eg(v" = 0 ) .  For a l l  o th e r  t r a n s i t i o n s  from th e  ground 
l e v e l  X^Eg(v" = 0) to  the  v ib r a t io n a l  le v e l s  b '^ Z ^ (v '  = 0 ,1 ,2 ,3 ,4 ,5 ,6 )  
an o s c i l l a t o r  s t r e n g th  o f le s s  than 0.003 i s  in d ic a te d .  There are no 
in d ic a t io n s  o f  any v ib r a t io n a l  le v e ls  o f  the  b ' s t a t e  above v = 7.
S pecu la t ions
The fo llow ing  s ta tem en ts  are almost com pletely s p e c u la t iv e .  Since 
th e  b'^E* s t a t e  o f  the  n i t ro g en  molecule i s  observed in  em ission only in  
very  e n e rg e t ic  o r  unique d ischarges  and s in ce  no ab so rp t io n  to  the lower 
v ib r a t io n a l  le v e l s  has been observed, th e  e x c i t a t i o n  p rocess  i s  probably  
a two or more s te p  p ro cess .  The number d e n s i t i e s  o f  th e  t r i p l e t  s t a t e s  
( e s p e c ia l ly  and A^E*) and o f  th e  h ig h e r  v i b r a t io n a l  le v e l s  o f  the
ground s t a t e  in c re a se  in  the  d isch a rg e .  E x c i ta t io n  w i l l  occur more
125
fav o rab ly  from th e se  t r i p l e t  and h ig h e r  v ib r a t i o n a l  le v e l s  to  th e  lower 
v ib r a t i o n a l  le v e ls  o f  th e  b'^Z* s t a t e ,  s in ce  these  le v e l s  have a more 
fav o rab le  Franck-Condon f a c t o r  w ith  the  le v e ls  of the  b '^Z ^  s t a t e  than 
th e  zero v ib r a t io n a l  l e v e l  o f  the  ground s t a t e  does.^^^^ Thus, the  number 
d e n s i ty  o f  the  molecules in  the  e x c i te d  b ' le v e l  and, consequen tly , the  
i n t e n s i t y  of r a d ia t io n  from the b ' l e v e l ,  in  those  cases in  which i t  has 
been observed, i s  p robab ly  due, almost e n t i r e l y ,  to  one o r  bo th  o f these  
two s tag e  e x c i t a t io n  p ro c e sse s .
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APPENDIX
Square Wave G enerator
The square wave g en era to r  was th e  mqin component of Pulse 
G enerating Device I .  When th e  c h a r a c t e r i s t i c  impedance i s  connected 
to  a charged coax ia l  c ab le ,  a square wave i s  g enera ted  across th e  r e s i s ­
tance by th e  d ischarg ing  o f the  cab le . This p ro p e r ty  of a co ax ia l  cab le  
was used to  genera te  the  v o ltag e  p u lse  to  be ap p lied  to  the  in v e r t ro n .  
(See F ig . 31.)
The co ax ia l  cable  was a 3/4 in c h ,  foam d i e l e c t r i c ,  Phelps Dodge 
cab le .  The o u te r  conductor was aluminium and th e  in n e r  conductor was
copper. The c h a r a c t e r i s t i c  impedance o f  the  cab le  was 50 ohms. The 
c e n te r  conductor was connected to  a p o s i t i v e  power supply (B^) with ap­
prox im ate ly  a 100 kilohms r e s i s t o r .
A n eg a tiv e  b ia s  (B ) was ap p lied  to  th e  f i r s t  g r id  o f  th e  gas 
th y ra t ro n  (2D21) to  p reven t premature conduction. A p o s i t iv e  p u lse  from 
the  Timer a c t iv a te d  the  2D21 when d e s i r e d .  A p a r t  o f  th e  output v o l ta g e  
o f  the  cathode c i r c u i t  was used as the  e x c i t a t io n  p u lse  to  the  in v e r t ro n .
The te rm in a tio n  impedance was th e  sum o f the  cathode r e s i s t o r s  
p lus  the  impedance o f  the  2D21. The approximate value o f  the 2D21 im­
pedance was 20 ohms. A cathode r e s i s t a n c e  o f  30 ohms th e re fo re  developed 
the  p ro p e r  50 ohms impedance fo r  the  cab le . The a c tu a l  value o f  th e  e f ­
fe c t iv e  te rm in a tin g  r e s i s t o r  (2D21 p lus  cathode r e s i s t o r s )  was le s s  than 
50 ohms. An under te rm ina ted  coax ia l  cable  w i l l  produce a s e r i e s  o f
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131
a l t e r n a t in g  p o l a r i t y  square  waves. However, th e  2D21 w i l l  no t s t a r t  to  
conduct aga in . The advantage o f  th e  under te rm in a tio n  o f  the co ax ia l  
cable  was to  decrease  th e  c u to f f  time of the  p u lse  ap p lied  to  th e  i n v e r ­
tro n .
To m ain ta in  a f a s t  r i s e  and f a l l  o f  th e  e x c i t a t io n  p u ls e ,  th e  
p h y s ica l  geometry o f  the connections to  th e  coax ia l c ab le ,  th e  2D21 and 
th e  in v e r t ro n  must be considered . The a re a  o f  a l l  the  conducting loops 
should  be as sm all as p o s s ib le .
Mercury Switch and P u lse  Forming Network
The mercury switch and p u lse  forming network were used to  gen­
e r a te  long e x c i t a t io n  p u lses  w ith  very  f a s t  c u to f f  t im es. A Delayed 
T r ig g er  G enerator a c t iv a te d  the  p u ls e  forming network in  delayed c o in c i ­
dence w ith  th e  co n tac ting  o f  the  c e n te r  rod o f  the  mercury sw itch  to  the  
ground s id e  o f  the  in v e r t ro n .  (See F ig . 32) From 0.5 to  8 microseconds 
a f t e r  the p u lse  forming network had ap p l ie d  the  e x c i t a t io n  v o l ta g e  to  
the  in v e r t ro n ,  the  mercury sw itch  sh o r te d  across th e  in v e r t ro n ,  thus 
s topp ing  the  e x c i t a t io n  p u lse .
The 2021 used in  th e  pu lse  forming network was b ia sed  and con­
nected  as the  one in  the Square Wave G enerator. The L and C o f  the  p u lse  
forming network were 0 .6  m icrohenries  and 0.01 m ic ro fa rad s ,  r e s p e c t iv e ly .  
The p u lse  time per s e c t io n  was 0 .6  microseconds and the  e f f e c t i v e  charac­
t e r i s t i c  impedance was 60 ohms.
The most c r i t i c a l  connections were from the in v e r t ro n  to  th e  
mercury sw itch  and from th e  cathode r e s i s t o r ,  , to  the  mercury sw itch
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and in v e r t ro n .  The two leads from th e  mercury switch were connected 
d i r e c t l y  to  the  two connections o f  the  in v e r t ro n ,  (Extreme care  should 
be e x e rc is e d  when one so ld e r s  to  the  leads o f  the  mercury sw itch . The 
gas envelope o f  th e  sw itch  s e a l s  in  a h igh  p re s su re  o f  hydrogen.) 
was connected to  the  two leads o f  the  mercury switch by a 3 inch  length  
o f  co ax ia l  c ab le .
T r ig g e r  D i f f e r e n t i a to r  
To o b ta in  a p u lse  to  s t a r t  the  Time to  Pulse  Height Convertor, 
a sm all p a r t  o f  the  ap p lied  e x c i t a t io n  s ig n a l  was used. A sim ple R-C 
c i r c u i t  d i f f e r e n t i a t e d  the  square wave to  produce a n eg a tiv e  and a p o s i ­
t iv e  going s p ik e s . The n e g a t iv e  s ig n a l  t r ig g e re d  e i t h e r  the  sweep on an 
o s c i l lo sc o p e ,  o r  th e  s t a r t  o f  the  time to  p u lse  h e ig h t  co n v e r te r .
Gate Pulse G enerator 
This c i r c u i t  produces a delayed , r e c ta n g u la r  v o l ta g e  p u lse  when 
t r ig g e re d  by a  p u lse  from th e  Delayed T r ig g er  G enera tor. I t  i s  used to  
co n tro l  th e  g a te  on the  O rtec Time to  Height C onverter. When s e t  in  the  
Coincidence mode, the  TPHC w i l l  accept in p u t  s t a r t  p u lses  only when such 
pu lses  a re  co in c id en t  w ith  a p u lse  from th e  Gate Pulse  G enera to r. This 
system p re v e n ts  the  TPHC from responding to  f a l s e  s t a r t  p u lses  or n o ise .
The Gate Pulse  G enerator produces a 30 v o l t  p o s i t i v e  p u lse  with 
a v a r ia b le  width (1.5  to  60 microseconds) and a v a r ia b le  delay  (1 .5  to  
100 m icroseconds). Output impedance i s  680 ohms, and th e  c i r c u i t  i s  de­
signed to  feed  d i r e c t l y  in to  the  Ortec 1000 ohm g a te  c i r c u i t .  Input im­
pedance when used in  con junction  with the  Delayed T r ig g e r  G enera tor i s
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about 20 to  30 kilohms. Input p u lse  width should be no le ss  than 0 .5  
microseconds. The minimum t r i g g e r  v o ltag e  i s  about 4 v o l t s  p o s i t i v e ,  
a d ju s ta b le  by means o f  the  s e n s i t i v i t y  c o n tro l .  The maximum in p u t v o l t ­
age should  no t exceed 70 v o l t s  p o s i t i v e .
Within a l im ited  range o f  delay  t im e, ou tpu t p u lses  as sh o r t
as 100 to  200 nanoseconds are a t t a i n a b l e ,  w ith  r i s e  times of 20 to  40
nanoseconds.
In o rder to  ensure s ta b le  o p e ra t io n ,  the  s e n s i t i v i t y  c o n tro l
should be s e t  a t  the  minimum value which w i l l  allow the  c i r c u i t  to  be
t r ig g e re d .  I n i t i a l l y  s e t  the  s e n s i t i v i t y  completely counter  clockwise; 
then g radua lly  tu rn  clockwise u n t i l  th e  c i r c u i t  begins to  o p e ra te .  In ­
c rease  the  s e n s i t i v i t y  s l i g h t l y  beyond th a t  p o in t .
The inpu t c i r c u i t  i s  p ro te c te d  a g a in s t  neg a tiv e  s ig n a ls  o f  up
to  about 7 v o l t s ;  negative  s ig n a ls  g r e a te r  than  7 v o l t s  may cause damage,
e s p e c ia l ly  i f  the s e n s i t i v i t y  i s  s e t  a t  maximum.
The minimum inpu t impedance (maximum s e n s i t i v i t y )  i s  about 1000
ohms. A 50,000 ohms po ten tiom ete r  i s  in  s e r i e s  w ith  t h i s  impedance and
serves  to  a t te n u a te  la rg e  inpu t s ig n a l s .
The c i r c u i t  (Fig. 33) c o n s is t s  b a s ic a l ly  o f  two, one-shot m u l t i ­
v ib ra to r s  in  cascade. A 50,000 ohms po ten tio m e te r  i s  in  s e r i e s  w ith  the  
in p u t  to  a t te n u a te  the  45 v o l t  p u lse  from the  Delayed T rigger  G enerator. 
The f i r s t  m u l t iv ib ra to r  i s  used to  produce a delayed t r i g g e r  p u lse  which 
t r i g g e r s  the  second m u l t iv ib ra to r .  This second m u l t iv ib ra to r  produces 
th e  output p u ls e .  The d i f f e r e n t i a t o r  i s  a r e s i s t o r - c a p a c i t o r  combination
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augmented by a diode across  the r e s i s t o r .  The diode a t te n u a te s  th e  p u lse  
from the  lead in g  edge o f  th e  m u l t i v i b r a to r ' s  square  wave outpu t and p r e ­
vents damage to  th e  fo llow ing  s tag e  from la rge  p o s i t iv e  s ig n a l s .  The 
p o s s i b i l i t y  o f  m is f i r e  due to  no ise  i s  a ls o  reduced by a t te n u a t in g  the  
unwanted p u ls e .
The second m u l t iv ib r a to r  has a range o f  about 100 nanoseconds 
to  60 m icroseconds, bu t i t  i s  very s e n s i t iv e  to  no ise  a t  th e  s h o r t  p u lse  
end and should normally n o t  be used below 1.5 microseconds.
By us ing  s i l i c o n  t r a n s i s t o r s  i t  i s  p o s s ib le  to  b u i ld  m u l t iv ib ra ­
to rs  w ithout th e  need f o r  both  p o s i t iv e  and neg a tiv e  s u p p l ie s .  With 
gemamiurn t r a n s i s t o r s  th e  s a tu r a t io n  v o l ta g e  o f  the  "on" t r a n s i s t o r  i s  
high enough to  forward b ia s  the base e m i t te r  ju n c t io n  of the  " o f f "  t r a n s ­
i s t o r  so t h a t  t h i s  t r a n s i s t o r  i s  not com pletely  o f f .  In t h i s  case  an 
a d d i t io n a l  supply o f p o l a r i t y  opposite  to  the  c o l l e c t o r  supply must be 
used to  b ia s  one t r a n s i s t o r  o f f .  However, w ith  s i l i c o n  t r a n s i s t o r s  the  
vo ltage  re q u ire d  to  forward b ia s  th e  b a s e -e m i t te r  ju n c t io n  o f  the  " o f f "  
t r a n s i s t o r  i s  h igh enough so th a t  the  s a tu r a t i o n  v o ltag e  of th e  "on" 
t r a n s i s t o r  w i l l  n o t  be s u f f i c i e n t  to  b r in g  th e  " o f f"  t r a n s i s t o r  i n to  
p a r t i a l  conduction .
I t  should  be n o ted  th a t  although f a s t e r  sw itch ing  times a re  
p o ss ib le  i f  m u l t iv ib ra to r s  a re  designed to  avoid s a tu r a t i o n ,  t h i s  p ro ­
cedure w i l l  reduce ou tpu t pu lse  am plitudes, thus re q u ir in g  th e  use o f  
a d d i t io n a l  a m p l i f ie r s  w ith  the  p robab le  r e s u l t  t h a t  t o t a l  sw itch ing  time 
w i l l  not be improved.
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Rate Meter A m plif ier  
This c i r c u i t  i s  e s s e n t i a l l y  an e l e c t r o n i c  a t t e n u a to r  and pulse  
a m p l i f ie r .  The ou tpu t i s  a n ega tive  going , 45 v o l ts  pu lse  o f  approx i­
mately 10 microseconds width. This a m p l i f ie r  i s  used in  con junction  
with a r a t e  m eter to  count the  number o f  p u lses  p e r  second g enera ted  by 
the  Time to  P u lse  Height Converter. The c i r c u i t  w i l l  accep t in p u t  pu lses  
from 100 m i l l i v o l t s  to  20 v o l ts  peak to  peak and produce ou tpu t pu lses  
which vary  only s l i g h t l y  in  h e ig h t  and w idth  over th i s  e n t i r e  range.
The maximum r e p e t i t i o n  r a te  i s  about 10,000 pu lses  pe r  second, although 
th i s  v a r ie s  somewhat w ith inpu t p u lse  h e ig h t .  The cu rren t  d ra in  in  very 
low (about 10 mi H i  amps with no in p u t  s ig n a l  and 15 mi H i  amps w ith  about 
6000 p u lses  p e r  m inu te); th e re fo re ,  a b a t t e r y  may be used as a supply .
The c i r c u i t r y  (Fig. 34) c o n s is t s  o f  a simple 3 s ta g e  a m p l i f ie r  
designed to  o p e ra te  in  a s a tu ra te d  mode. The f i r s t  s tag e  has a h igh 
gain  and s a tu r a t e s  w ith  about a 100 m i l l i v o l t s  s ig n a l  in p u t .  The c o l ­
l e c to r  supply v o ltag e  fo r  th i s  s tag e  i s  l im i te d  to  6.8  v o l t s  by a zener 
diode and, th e r e f o r e ,  the inpu t to  th e  nex t s ta g e  i s  always approximately 
6 .8  v o l ts  r e g a rd le s s  o f  the magnitude o f  th e  inpu t to  th e  f i r s t  s ta g e .
The ou tput p u lse  w idth  i s  determined by th e  d io d e -c a p a c i to r  pumps and no t 
by the  width o f  the  inpu t width.
The diode above has two fu n c t io n s :  f i r s t ,  i t  p reven ts  the  flow 
o f c u rre n t  back toward the inpu t thus p re v e n t in g  a n eg a tiv e  sp ike  from 
appearing a t  th e  o u tpu t;  second, i t  i s o l a t e s  the  c a p a c i to r  from the  inpu t 
c i r c u i t  a f t e r  the  c a p a c i to r  has been charged. The c a p a c i to r  th e re fo re
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Figure 34. Rate Meter Amplifier.
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remains charged to  a high v o ltag e  even a f t e r  the  in p u t  s ig n a l  has dropped 
to  zero . When t h i s  vo ltag e  i s  fed  to  th e  second s ta g e  i t  keeps t h i s  
s tag e  s a tu r a te d  fo r  a leng th  o f  time determ ined by th e  r e s i s t a n c e  and 
cap ac itan ce  o f  the  c i r c u i t  loop.
The t h i r d  s tage  again  has a high gain  and s a tu r a t e s  a t  a very  
low v o l ta g e .  I t s  ou tpu t th e re fo re  i s  e s s e n t i a l l y  f l a t  u n t i l  the  expon­
e n t i a l  from th e  d io d e -c a p a c i to r  pump has decayed to  a low va lu e .
The c i r c u i t  w i l l  o p e ra te  w ith  supply v o l ta g e s  o f  25 to  70 v o l t s ;  
th e  Output v o l ta g e  w i l l  be approximately equal to  supply v o l ta g e .  Out­
pu t impedance i s  about 10 kilohm s; in p u t  impedance, about 1 kilohms.
This c i r c u i t  should  never be coupled d i r e c t l y  to  an impedance load o f 
le s s  than 5 kilohms.
Delayed T r ig g er  G enerator 
A time delayed t r i g g e r  f o r  th e  p u lse  forming network i s  n ece s ­
sa ry  w ith  Pulse  Generating Device I I .  The Delayed T r ig g er  G enera tor 
(F ig . 35) i s  used to  g enera te  t h i s  p u ls e .  I t  c o n s is t s  o f  a s in g le  
m u l t iv ib r a to r  followed by a p u lse  shaping and am plify ing  network. The 
in p u t  has a p o s i t iv e  b ias  on i t  so t h a t  when i t  i s  sh o r te d  to  ground a 
n eg a tiv e  going s ig n a l  i s  produced which a c t i v a t e s  the  c i r c u i t .  The ou t­
put p u ls e  i s  about 2 microseconds in  width and 40 v o l t s  in  am plitude.
The decay i s  v a r ia b le  between about 1.5 microseconds and 50 m icroseconds. 
The ou tpu t s tag e  i s  an e m i t te r  fo llo w er w ith  1 kilohm e m i t te r  r e s i s t a n c e  
and th e re  i s  a 10 kilohms r e s i s t o r  in  s e r i e s  w ith  th e  ou tpu t to  p r o te c t  
th e  c i r c u i t  from the  high v o ltag e  feedback from th e  th y ra t ro n  g r id .
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Figure 35. Delayed Trigger Generator.
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A one-sho t m u l t iv ib ra to r  i s  used to  produce th e  delayed t r i g g e r  
p u ls e .  The in pu t i s  b ia sed  p o s i t i v e ly  v ia  a zener d iode; a negative  
going s ig n a l  i s  produced when t h i s  i s  sh o r te d  to  ground through the 
mercury r e la y .  The square wave ou tpu t o f  th e  m u l t iv ib ra to r  i s  d i f f e r ­
e n t ia te d  and fed  to  a Schmidt t r i g g e r  g e n e ra to r  which co n tro ls  th e  width 
o f  the  output p u ls e .  The Schmidt t r i g g e r  g en e ra to r  has a high output im­
pedance and i s  no t capable o f  d r iv in g  more than a very l i g h t  load. An 
e m it te r  fo l lo w er  w ith  a 1000 ohms e m i t te r  r e s i s t o r  provides the  necessa ry  
impedance matching between the  Schmidt t r i g g e r  and the  load.
Timer
Proper synchron iza tion  and a c t i v a t io n  o f  a l l  c i r c u i t s ,  which 
were used w ith Pu lse  Generating Device I ,  were e f fe c te d  w ith  th e  Timer. 
(Pulse G enerating Device II  was s e l f - a c t i v a t i n g . )  A neon bulb was used 
as p a r t  o f  a r e la x a t io n  o s c i l l a t o r  to  in i t i a te  a l l  even ts .  (See F igs . 36 
and 37). The r e la x a t io n  o s c i l l a t o r  was used  to  t r i g g e r  a 2D21. The com­
b in a t io n  o f  the  neon bulb and 2D21 c i r c u i t  i s  des igna ted  O s c i l l a to r  and 
Pulse G enerator in  F igs . 36 and 37. The Delay M u lt iv ib ra to r  was used to  
o b ta in  a long de lay  time between p u ls e s .  The in v e r t e r  changed the  p o la r ­
i t y  o f  the  s ig n a l  from the  Delay M u l t iv ib ra to r .  The th ree  2D21 c i r c u i t s  
(Pulse Shaper (Red), Pulse Shaper (Yellow), and Changeable Pulse Shaper) 
were used to  g enera te  f a s t  r i s i n g  p u lse s  w ith  la rg e  values of v o ltag e  and 
c u rre n t .  The A r t i f i c i a l  Delay Line was used  to  a c t i v a te  any o f  th e  pu lse  
shapers a t  the d e s ired  time.
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Each o f  the  l e t t e r s  used in  the  c i r c u i t  diagram (F igs. 36 and 
37) d e s ig n a ted  a p o in t  which could be connected to  any o f  the  o th e r  de­
s ig n a te d  p o in ts .  The m u l t ip le  p o in t  c o n tac ts  o f  the  A r t i f i c a l  Delay 
Line a re  not lab e led .
In Fig. 38, a b lock  diagram of the  Timer i s  shown as i t  was
used in  con junction  w ith Combination System V and P re io n iz a t io n .
Exponential Function S y n th es ize r  
The Exponentia l Function S y n th es ize r  was used to  o b ta in  the  de­
cay co n stan ts  from oscil log ram s o f the  p h o to m u lt ip l ie r  output o f  the
ra d i a t io n  decay. A mercury re la y  (Fig. 39) was used to  c o n tro l  th e  
charg ing  and d isch a rg in g  of th ree  R-C networks. The r e s u l t i n g  expon­
e n t i a l  curves from each R-C c i r c u i t  were mixed in to  one common o u tp u t .
Two c o n s id e ra t io n s  were necessary  to  p reven t un d es irab le  mixing o f  the  
R-C c i r c u i t s .  F i r s t ,  diodes in  the  charge and d ischarge  loops were nec­
essa ry  to  p reven t the  in te rm ix ing  of the  s ig n a l s  a t  t h e i r  so u rce .  Second, 
th e  r e s i s t a n c e  used to  genera te  the  mixed ou tpu t was kept small in  com­
p a r iso n  to  the  t o t a l  ou tpu t r e s i s ta n c e s  from each R-C c i r c u i t  to  p reven t 
feedback from the  ou tpu t to  the  source o f  th e  exponentia l decays. Since 
th e  ou tpu t s ig n a l  was sm all compared to  the  i n te r n a l  s ig n a ls  o f  th e  R-C 
c i r c u i t s ,  the  ou tpu t leads were sh ie ld ed  to  p reven t u n d e s irab le  pickup.
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C r i t e r i a  f o r  Necessary D etection  and Timing Device 
The c r i t e r i a  to  use fo r  choosing th e  necessary  D etec tion  and 
Timing Device (DTD) can be expressed as a simple r e l a t i o n  o f  the  decay 
co n s tan t  (r) which i s  to  be measured. When DTD I or I I  i s  to  be used , 
the  s ig n a l  (S) to  n o is e  (N) r a t i o  should  be kep t l a rg e r  than 4 to  o b ta in  
an osc il log ram  capable  o f  reasonab le  measurement.
I i s  the  i n t e n s i ty  o f  p h o to e lec tro n s  p e r  second and G i s  th e  bandpass 
of the  system in  H ertz .  To preven t d i s t o r t i o n ,  th e  p h o to e le c tro n  p u lse  
width should be kep t a t  one f i f t h  the  decay co n s tan t  ( x ) . I f  th e  photo­
e le c t ro n  pu lse  width determ ines the  bandpass o f  the  system, th e  fo llow ing 
exp ress ion  r e s u l t s .
G = %(|) . (70)
Combination o f  Eq. (69) and (70) r e s u l t  in  the  fo llow ing.
I = ^  . (71)
From Eq. (71) i t  i s  seen  th a t  about f o r ty  p h o to e lec tro n s  p e r  l i f e t im e  
are  needed to  m ain ta in  time r e s o lu t io n  and s ig n a l  to  n o ise  r a t i o  f o r  
th e  D etec tion  and Timing Device I :  D irec t  View. With D etec tion  and
Timing Device I I :  Sampling O sc il lo sco p e , t h i s  can be re la x ed  to  about 
ten  p h o to e lec tro n s  p e r  l i f e t im e  i f  maximum smoothing i s  used . The use
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o f  the  A uxilia ry  D e tec tion  and Timing Device: Averaged Sam pling ,-ex tends 
the u se fu l  range o f  the  sampling o s c i l lo sc o p e  by a t  l e a s t  a f a c to r  o f  
fo u r ,  and thus may be used when the  i n t e n s i t y  of p h o to e lec tro n s  i s  only 
two o r th re e  p e r  l i f e t im e .  When th e  i n t e n s i t y  i s  le s s  than  t h i s .  Detec­
t io n  and Timing Device I I I :  Delayed co incidence  should be used.
All o f  the  above co n s id e ra t io n s  must be q u a l i f i e d  f o r  measure­
ments o f  sh o r t  l i f e t im e s  ( <20 nanoseconds) o r  very long l i f e t im e s  
(> 1 m icroseconds). The minimum time r e s o lu t io n  o f  D e tec tion  and Timing 
Devices I and I I  i s  c o n tro l le d  by the  f a l l  time o f a p h o to e le c tro n  p u ls e .  
The f a l l  time o f a p u ls e  i s  about 50 p e r  cent longer than  the  r i s e  tim e, 
which i s  given by most p h o to m u lt ip l ie r  m anufacturers . L ife t im es  which 
a re  about f iv e  times o r le ss  than the  f a l l  time o f  the p h o to m u l t ip l ie r  
should be measured w ith  D etection  and Timing Device I I I .
For very  long l i f e t im e s ,  i n t e g r a t io n  (which e f f e c t i v e l y  de­
c reases  the  band pass) w i l l  improve the  s ig n a l  to  n o ise  r a t i o .  Eq. (71) 
s t i l l  ap p lie s  i f  the  decay co n stan t ( t )  i s  f iv e  times as long as th e  de­
cay time o f  the  i n t e g r a to r .
